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PREFACE

The bacteriel toxin, streptolysin 0, historically known as a
potent hkemolytic agent, has bzen shown mors recently to be toxic
for the mammalian heart in vitro as well as in vivo. There is
mounting evidence that the toxin is involved in the pathogenesis
of the focal cardiac lesions of rheumatic fever. During the course
of this disease, the anti-streptolysin O antibody content of the
patient's serum is characteristically high, and the titer of
this antibody in the serum has long been used as an indicaticn of
the severity and course of the disease. This fact is of particular
interest in light of recent indications that rheumatic fever may

be a hyperimmune or autoimmme disorder.

These considerations have led to the present study of the
relationship between the cardiotoxic and immunologic properties of
streptolysin 0. The primary thesis underlying this work is that
the direct action of the toxin on the heart may be exaggerated
by an additional reaction between the toxin and the specific

ansphylactic, anti-toxin antibedy bcund to the cardiac tissues.

The present work is logically divided into three sections. In
! Part I a detailed amalysis of the cardiotoxic properties of
streptolysin O iz presented, and an hypothesis concerning the mode

= of action of the toxin on the normal heart is developed. Before

xii
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the anapnylactic properties of streptolysin O could be investigated,
it was necessary to study the phenomenon of cardiac anaphylaxis

in the guinea pig so as to eszablish a set of experimental
conditions under which a quantitative analysis of the process

could be carried out with the toxin. Part II, then, provides the
ground rules for the studies of Fart 111, which establish the
antigenic nature of streptolysin 0O, and dewmcnstrate that the

direct reaction between the toxin and the heart tissue can occur
simultaneously with the reaction between the toxin and the

specific tissue-bound antibody.

xiii
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INTRODUCTION

General Considerations

o i T T T

1t has been known since the time of Roux and Yersin (1) and
Kitasato (2) that certain bacterial species are sources of substances
that are directly toxic to host organisms. These substances, the
bacterial toxins, are antigenic, poisonous materials of high molecular

weight that give rise to characteristic symptoms, including death, when

injected into zusceptible animals (3).

The bacterial toxins are conventionally classified as endotoxins
or exotoxins according to whether they are found inside or outside the
parent organism. However, van Heyningen (3) prefers what he considers
to be a more significant and unequivocal system which classifies the
toxins according to whether they are derived from Gram—positive or
Gram-pnegative bacteria. Such a system, which still roughly divides the

toxins into endotoxins and exotoxins, is based on the following points:

(a) The Gram—positive toxins are found outside the parent cells.
A typical Gram-positive toxin is excreted during the phase of
active growth of the organism and reaches its highest concen-

tration at the time growth reaches its maximum.
On the other hand, the toxins from Gram—negative organisms

appear to be structural components of the bacterial cells,

and some investigators (4, 5) have shown that washed dead

re e m et e et ek e v - LR

- },.};

N mssemns st o




et At omme me— P ety s ST N b o

- - ST S AL 4 o] M~ r S b A C Tl b 2 - T
o a—a SRR 4 o ww“‘ IR P N >
" o

3
R
" G | el & e aieh

.t e Ay s J R R e T M

1%,
i
n? 14
{53
{&
e
% 2
Y
-
* bodies of a number of Gram-negative organisms are toxic,
?‘ whereas those of a Gram-positive bacteria are not. :
/ :
. £
(b) Antibodies to Gram-positive toxins are capable of completely gs
neutralizing their activiry; antibodies to Gram-negative z

toxins can only neutralize a fraction of their activities.

- (¢) The Gram—positive toxins ars generally more toxic than the

Y Gram-negative toxins.

’ (d) The Gram—positive toxiiis are generally less heat-stable

than the Gram-negative toxins.

(e) The Gram-positive toxins can be toxoided, that is, made
. T : non-toxic but still capable of stimulating the production of
antibodies that neutralize the toxins. Most Gram-negative

toxins cannot be toxoided in the ordinary way.

LA

(f) The Gram-positive toxins that have been purified are simple

proteins, whereas most Gram—negative toxins appear to be

B T S TR R 2

polymolecular phospholipid-polysaccharide-protein complexes.

(g) The pharmacology of the Gram-positive toxins is generally
quite specific, i.e., the symptoms produced by each toxin

are characteristic of that material; the symptoms produced
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by Gram-negative toxins are more nearly the same.

A group of toxins, which, according to these criteria, must be
classified as exotoxins, are the cytolytic toxins of bacterial origin
(6). This group is composed of a number of toxins from a variety of
organisms, and includes the two hemolytic toxins of Streptococcus
pyogenes: streptolysin O and streptolysin S. The substances belonging

to this group have certain features in common, scme which classify

" v 3 e yen A S——— v =

them under the general heading of exctoxins, and others which place them
in the specific category of cytoiytic toxins: (i) all of them are

found extracellularly; (ii) most of them are proteins [streptolysin S,
or its active moiety, appears to be a relatively small polypeptide (7,
8, 9)1; (iii) all of them are lytic for erythrocytes when tested

in vitro, and some of them are the most potent hemolytic agents known;
(iv) they are lytic for a variety of other cell types; and, finally,
(v) mwmost of them are lethal for laboratory, and presumably for other,
animals, the lethal dose being considerably larger than rhat of the

classical exotoxins (6). )

Several of these cytolytic toxins are further categorized into a
group referred to as the oxygen-labile hemolysins (3). Streptolysin O
is the prototype of this group of closely similar toxins, which are
produced by Gram-positive bacteria and include pneumoclysin, tetanolysin,
cereclysin, and the 6-toxin of C. welchii. The oxygen-labile hemolysins

have the following properties in common: (i) they are active only in
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the reduced state and are reversibly inactivated by mild oxidizing agents;
(11) they are inhibited by cholesterol; (iii) any one of the hemclysins

is inhibited by the specific antitoxin to any of the others.

Early Observations

In 1897, Berdet (10) drew attention to the fact that there
generally was hemolysis in the blood of rabbits which had died of
streptococcal infection (11). This observation led to attempts to

’ isolate the responsible hemolytic substance by studying streptococcal-

induced hemolysis in vitro.

By growing a virulent streptococcus in heated rabbit serum and
filtering the resulting cultures, Besredka (12) obtained filtrates that
hemclysed rabbit red cells as well as those of several other species

including guinea pig and man.

IR

Ruediger (11) prepared his material, which he called "streptocolysin",

in much the same way as did Besredka, but with some refinements. His

Fonn ey

"o

filtrates, which hemolysed both washed and unwashed cells of a variety

Mo e

of animals, were non-dialysable, heat-labile (70°C fer 2 hours), and

different from the immune hemolysins in that they did not require the

o
-

combined action of amn intermediary body and complement.

U R Mo

Ruediger noted that washed cells were considerably less resistant

< to hemolysis than were unwashed cells, and conjectured that there was
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something in the sera of these animals -- an anti-hemolysin -- which
protected the red blood cells against streptocolysin. He supported this
idea by showing that both normal and heat~treated chick serum inhibited
hemolysis of chick and rabbit red cells by the streptococcal filtrates.
In further studies (11, 13), Ruediger found that his hemolysin prep-
aration behaved as though it were composed of two active groups tightly
bound together: a haptophore group and a toxophore group. By means of
the haptophore group, which was neutralized by chick serum, the toxin
attached to the cell in such a way that the toxophore group, which was
inhibited by ZnCl, could exert its destructive effect on the cell.
Although the hemolysin could be bound to the red cells at 6°C so firmly
that it could not be remcved even by repeated washings, hemolysis took
Place only after the temperature was raised to near 37°C. In his second
paper (13) Ruediger called his hemolytic filtrate "streptolysin"; the
fact that this hemolysin was heat-stable up to 65°C suggests that the

active principle must have been vhat is now termed streptolysin S.

The term "hemotoxin" was proposed by Pribram (14) to distinguish
the bacterial lysins which exhibited antigenic properties from other
substances of bacterial origin which were hemolytic but not antigenic,
and from the immume hemolysins. The hemotoxins were thus defined as
being (1) directly toxic for red cells and (ii) antigenic, in that,
when injected into animals, they induced the formation of a neutralizing
hemotoxin. The hemolysins, on the other hand, were characterized as

sensitizing antibodies induced by the injection of a primarily non-toxic
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: antigen (red blood cells), and, unlike the hemotoxins, their species-
i specific hemolytic action was dependent upon the cooperative mechanism
of the sensitizing hemolysin and complement.
In 1920, Meader and Robinson (15) reported the results of their
studies on the streptococcal hemotoxin in which they found that the
; hemolytic activity was neither in nor on the bacterial cell, but was
; free in the culture medium. They made a very important observation to
) the effect that the hemolytic potency of their preparations was decreased

following centrifugatioin or shaking. It is likely that this lability was

due to oxidation of the hemotoxin, which was aggravated by these

treatnents.

‘A
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i Neill, who had previously studied the oxidation-reduction reactions
of hemoglobin, applied the principles derived from these studies to the
oxidation and reduction of bacterial hemotoxins (16, 17, 18, 19). Based

¢ on his experience with the pneumococcus hemotoxin, the hemotoxin of the

BTN

Welch bacillus, tetanolysin, and streptolysin, Neiil established a

; number of properties common to the so-called oxygen-labile hemotoxins:

,;'i

¥

¢

- (a) the active hemotoxin is converted by oxidation to a product

A0

x, devoid of hemolytic activity.

5’(:; Er)
5 (b) the oxidation product of the hemotoxin can be converted back %
[ to the original hemolytic substance by reduction with chemical g
43 z
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or biological reducing agents.

(c¢) the active hemotoxin produced by the reduction of the inactive
oxidation product is identical to the original, active,
reduced hemotoxin. It exhibits the same activity, possesses
the same degree of thermolability, and, most importantly, is

nectralized by the same specific antibody.

(d) the hemotoxin, both in its reduced and oxidized forms, is
irreversibly inactivated by the same heat treatment; the

heat-inactivated toxin cannot be reactivated by reduction.

In their study of streptolysin, Neill and Mallory (19) found that this
hemotoxin was extremely oxygen-labile, lusing its activity rapidly in
the presence of free air, and deteriorating slowly even when stored ian

sealed vials.

Neill and Mallory (19) also noted that there was no convincing
evidence in the literature that streptolysin was an antigen, and it was
generally accepted that the antistreptolysin titer of the sera of normal
animals could not be increased by immunization with the toxin. This
view was still current in 1932 when Todd (20) demonstrated that the lack
of antigenicity was caused by the serum used in the usual method of
preparation of streptolysin. Hemolytic streptococcal filtrates,

prepared in serum-free media (19) behaved like any ordinary antigen.
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Todd showed that the presence of serum in the culture medium affected
the hemolyein in unexpected ways, causing delayed hemolysis, resistance
to oxidation or reduction, and inability to combine with the specific

’ antihemolysir which readily neutralized serum-free hemolysin. In trying
to explain the differences between the streptolysin produced by the two
methods, Todd argued that the serum streptolysin owed its character-
istics to adsorption by serum, and that streptolysin formed in serum-
free cultures was in a free or unbound form and therefore exhibited

) different properties.

In 1934, however, Todd disproved his own theory (21). He
reported that hemolytic streptococci from human infectioms produced two
hemolysins: an antigenic streptoiysin which was eubject to reversible
oxidation and reduction; and a streptolysin which was oxygen-stable
and appeared to have no antigenic activity. He later showed (22) that
these streptolysins were distinct, serologically, and named one
streptolysin O to indicate its sensitivity to reversible oxidation, and

the other, streptolysin S, to indicate its solubility in serum. Todd

-
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showed that the two streptolysins were neutralized by separate, unrelated
antibodies. Streptolysin C was, in itself, antigenic, but streptolysin S
was not antigenic when separated from the parent streptococci. When
animals were inoculated with living cultures of group A hemolytic

P streptococci, antibodies :o both toxins were formed (23).

Lancefield's division of hemolytic streptococci into zroups greatly

Vot
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facilitated the serological examination of streptolysins (24, 25, 26).
Todd (21, 23) found that Lancefield's groups of hemelytic streptococci
(group A from human infection, group C from animai infection, etc.) each
produced different varieties of streptolysin which he characterized by

their reactions to oxygen, heat, and pH.

fn 1940, Smythe and Harris (27) published an account of their
studies in which they attempted to purify their streptolysin O. Since
they cultured their bacteria in serum-free medium, they found no trace of
streptolysin S. They began with the broth frem this culture, and, by
repeated precipitation with ammonium sulfate followed by extractions
with ethyl alcohol, acetic acid, and sodium bicarbonate, respectively,
were able to produce a rélatively pure preparation. These authors
undertook an analysis o} this streptolysin O, and concluded from these
studies that streptolysin O was a protein, that it contained rather large

amounts of sulfur, and that a part of the sulfur existed as an oxidation-

reduction system of the following form:

~SH 2 -S§S-8§ -

It appeared that, in the active form, this oxidation-reduction system

was in the ~SH form, since removal of -SH groups by any means resulted

in inactive hemolysin.

Smythe and Harris, in characterizing their strepteclysin G, noted
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v that cholesterol completely idﬁip;ted its hemolytic activity and this
inhibition could not be reversed by the usual reactivating agents. The
intibition of the oxygen-labile hemolysins by cholesterol is an

important phenomenon. It has been known for a long time that cholesterol
inhibits a number of hemolytic substances (28), and, in fact, it has
been suggested that one of the biological functions of cholesterol is

its antihemolyric activity. All of the oxygen-labile hemolysins are
inhibited by minute amounts of cholesterol in the form of an artificially
prepared suspension (29), but such cholesterol suspensions do not

inhibit the oxygen-stable hemolysins (3). Furthermore, cholesterol

- combines with, and inhibits, the oxygen-labile hemoiysins only when they

are in the reduced (active) state.

The inhibitory actioms of cholesterol on the oxygen-labile
hemolysins have been studied in relat:ion to structure and configuration
by Berliner and Schoenheimer (2J). This sterol, and others that are
structurally closeiy related (31), apparently inhibits the lytic

. activity of the oxygen~labile hemolysins by adsorbing them (3). Howard

. et al. (31) suggested that this inhibition was due to complex fcrmation
between the lysin and the sterol molecule, and further suggested that
the lysis of red cells by streptsolysirn O was dependent on complex
formation between the lysin and thz cholesterol of the red cell membrane,
presumably resulting 1n penectration of the membrane. Evidence for this
theory is not lacking. Smythe and Harris (27) and Cohen, et ai. (32)

found that hemolysed red cells inhibited the action of the oxygen~labiie
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hemolysins. Smyche and Harris further observed that streptolysin O was
rapidly inactivated as it acted on red cells; and Cohen, et al. noted
that washed red cell stromata were also inhibitory, but not after their
cholesterol had been extracted. These facts suggested that the

inhibitory substance o¢f hemolveed red cells was cholesterol whick was

» -

known to be a normal constituent of the red cell surface. Furthermore,
all cells that are sensitive to streptolysin O contain cholesterol as

a constituent of their cell membranes, and all cells so far examined

>
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that lack membrane cholesterol, are insensitive to its lytic action (33,
34). The combined evidence is therefore very strong that membrane

cholesterol is involved in the lytic action of streptolysin O (6).

Since Smythe and Harris (27), procedures for concentration and
purification of streptclysin O have been described by a number of
investigators (for example, 35, 36). Although these methods yielded
products much purer than the starting materials, none of them was really
satisfactory because large losses were incurred during the course of s
purification (37). Recertly however, Halbert and his co-workers have
developed methods for the relatively efficient preparation of highly
purified streptolysin O (38 - 42). These methods involve precipitation
of the extraceliular medium with an ammonium sulfate soluticn, and
continuous—-flow electrophoresis of a buffered solution of the precipitated
materiasl followed by chromatography on a column of calcium phosphate.
The lyophilized product is 100 % prctein in the case of material

from group A cultures, and 602 protein in the case of group C toxin.
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The group A toxin has 160,000 hemolytic units per milligram protein;

the group C toxin, 60,000 (43). Todd (23) reported the streptolysins
from group A and group C streptococci to be identical, and Halbert

(40, 41) has supported this claim with immunodiffusion studies.

lethalicy of Streptolygin O

Although it was known that fatal streptococcal infection in rabbits
frequently was accompanied by hemolysis, thet streptolysin was fatal,
was not demonstrated until sometime later. Hewitt and Todd (44) first
demonstrated the lethal action on mice, and Todd and his co-workers
further characterized this property in subsequent publications (35, 45).
Halbert, Bircher,and Dahle (46) confirmed these results in the mouse and
conducted a thorough study on the lethality of streptolysim C in the
rabbit (46, 47).

I; all, mice, rats, guinea pigs, rabbits, and cats, have been
shown to be susceptible to the lethal effects of intravenous streptolysin O.
Howevey, these animals differ appreciabliy in their susceptibilities to
the toxin, the unit lethal dose being approximately forty times as great
for the mouse as for the rabbit (37). The lethal effect of streptolysin O
is prevented (i) by allowiag it to reaci with antistreptolysin O or
cholesterol prior to injection, or (ii) by injecting the toxin in the
oxidized state (37). Bernheimer obsurved some time ago that repeated
injections of sublethal amounts >f streptolysin 0 into mice at short

intervals were followed by tiie development of refractoriness to a

at
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subsequently injected lethal dose of toxin (48).

Cardiotoxicity of Streptolysin O

ST R T N e I &

Bernheimer and Cantoni showed that the cellular action of
streptolysin G was not limited to the lysis of blood cells. They induced H
systolic contracture of the isolated frog heart with solutions containing

the toxin (36, 49, 50). Kellner, Bernheimer, et gl. (51) later demon-

strated that the mammalian heart was also very sensitive to this toxin

by perfusing very small quantities of their material through the

coronary arteries of isolated hearts of guinea pigs, rabbits, and rats.

Under these conditions, permanent and irreversible cardiac standstill

occurred, accompanied by a marked but transitory decrease in the flow

of perfusion fluid. Although these investigators used relatively crude

streptococcal extracellular preparations containing streptolysin O,

they identified the role of this molecule in the observed reactions by

taking advantage of the characteristic properties of the oxygen-labile

hemolytic toxins (3): (i) heat lability, (ii) inactivation by !
cholesterol, (iii) reversible oxidation, (iv) inhibition by specific .

antibody.

As mentioned earlier, Halbert (38 - 42) succeeded in obtaining
moderate quantities of highly purified streptolysin O from both group A
and group C streptococci. In assessing the pathological significance
of this pure extraceliular component, Halbert, Bircher, and Dahie (52,

46) studied its cardiotoxicity for rabbits in vivo. Electrocardiograms,
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obtained from rabbits given lethal and sublethal doses of highly purified
streptelysin O,were characterized by conduction defects and ventricular
automatism. Intravenous injection of several multiples of the LDgp was
followed within 3 to 4 seconds by a rapid transition from normal sinus
rhythm to ventricular arrhythmia, ventricular fibrillation, and stand-
still. Frequently, smaller lethal doses and sublethal doses immediately
produced a pronounced but transient sinus bradycardia, followed by
temporary "or permanent recovery. The transient nature of this bradycardia,
along with the extremely rapid effects of the toxin in vive, suggested
that its toxicity might result. from the release of vasoactive substances
rather than from the direct action of the protein itself. Accordingly,
Halbert,et al. (47) studied the effectiveness of various pharmacological
blocking agents in protecting against the physiologically active agent(s)
responsible for the intravenous effects of streptolysin 0. Although the
several agents which exhibited protection were serotonin antagonists,
there was little correlation betweepn this property and protection. In
addition, serotonin was not very toxic to rabbits and mice, so it
appeared unlikely that the acute toxicity of streptolysin O could be

accounted for entirely by the release of this amine.

In subsequent studies, Halbert, et al. (53) considered the likeli-
hood that the im vivo cardiovascular changes observed sere consequent
to an elevated plasma potassium concentration resulting from intravascular
hemolysis. They found sufficient discrepancies, however, in the

relationships among hemolysis, potassium levels, and electrocardiographic
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changes to render inadequate this mechanism for the rapid lethality of
the toxin. Furthermore, the pharmacologic agent most protective against

this lethality had no effect against hemolysis or toxic levels of KCI. N

e e e

Streptolysin O and Rheumatic Fever

The complex properties of streptolysin O, as manifested in its

. cytotoxic, lethal, and cardiotoxic actions, make it an extremely
interesting substance to study. Moreover, because of the relationship
between streptococcal infections and rheumatic fever, studies of

streptolysin O are of great practical importance.

It is well known that rheumatic fever is preceded by streptococcal
infections, and strong evidence judicates that this microorganism causes
the disease (54). Although the mechanism has not been established, it
has been suggested that rheumatic fever may be the result of an unusual
intoxication by some product(s) of the streptococcus (55), or that
hypersensitive (56), or autoimmune mechanisms (57), are responsible
for the morbidity. Whatever the mechanism, the specific cause and
effect relationship between streptococcal infection and rheumatic fever
indicates that a substance associated with this microorganism is

etiologically involved (46).

There is ccnsiderable circumstantial evidence that streptolysin O
may be the streptococcal product responsible for the pathogenesis of the

cardiac lesions of rheumatic fever (46). The work of Bernheimer and
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Cantoni. (36), and Kellner, Bernheimer, et al. (51) demonstrated that
streptolysin O has a direct toxic effect on the amphibian and mammalian
heart in vitro, and Halbert, et al. (46) observed severe electrocardio-
graphic disturbances in rabbits injected with the toxin. Iﬂ'these
studies, Halbert found small focal inflammatory lesions in the ventricles
of rabbits dying from the toxin injection. Earlier, Schwab, et al. (58)
treated rabbits with certain streptococcal factors and noted a high
incidence of focal cardiac lesions when the animals were injected rater
with culture filtrates. They presented evidence that streptolysin O was
responsible for the cardiac lesions. Murphy and Swift (59) and others
{60) have shown that repeated streptococcal infections cause focal cardiac
lesions in rabbits. These results were confirmed by Kirschner and Howie
(61), who also correlated the incidence and severity of such lesions

with the antistreptolysin O titer of the serum.

The very frequent rise in antistreptolysin O titer following
streptococcal infections in humans is evidence that streptolysin O is
produced im vivo during the course of such diseases (54). Therefore,
it is of extreme significance that patients with rheumatic fever tend
to have higher antistreptolysin O titers thaa patients with uncomplicated
streptococcal disease (54, 62, 63), along with higher titers of some
other antistreptococcal antibodies (64, 65). This is not a non-specific

increase in antibody production (66, 67).

There is some evidence (66, 67) that rheumatic patients exhibiting
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hypercholesterolemia due to other diseases, seem refractory to rheumatic
fever recurrences. Conversely, rheumatic patients suffering from

hypocholesterolemia show increased susceptibility to rheumatic fever.

Aim of Present Work

Considering the compelling nature of these lines of evidence
implicating streptolysin O in rheumatic fever and suggesting that the
toxin has a direct effect on the heart, there is relatively little
knowledge concerning the action. of streptolysin O on the heart, in vitro,

and none at all pertaining to its possible mode of action.

For these reasons, the present work has been undertaken in an
attempt to extend and to relate the in vitro studies (36, 51) and the
provocative in vivo electrocardiographic findings (46, 47, £3) by an
analysis of the electrophysiological, pharmacological, and mechanical
changes occurring in the isolated whole heart and separate cardiac

tissues of the guinea pig pursuant to their challenge with streptolysin O.

MATERIALS AND METHODS

Reagentsg.

Toxin. Several preparations of streptolysin O, obtained from
group A and group C streptococcal extracellular concentrates, were
supplied as lyocphilized powders in the oxidized state. These
preparations of highly purified concentrates were made according to

methods previously described (38 - 42), and had been used in studies
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protein and had a titer of 160,000 hemolytic units (HU) per milligram of

dry weight; the group C material, which was 67 % protein, had a

=
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f . reported in references (46-53). The group A toxin consisted entirely of %
e * )

titer of 40,000 HU per milligram.

In experiments on the perfused whole heart ard the isolated atria
of the guinea pig, the group A ?pd group C preparations, although derived
from organisms grown under compI;tely different growth conditions and
circumstances, behaved identically. They produced comparable physiological
effects when present in the same hemolytic potencies, and, in both cases,

the magnitudes of these effects correlated closely with the hemolytic

activities.

Toxin stock solutions were prepared daily by dissolving the

lyophilized powder in 0.1S5 M sodium phosphate buffer of pH 7.3. The toxin

S L s e g

was activated by reduction with L-cysteine-HCl added in the same phosphate
buffer to bring the final concentration of the amino acid to 10 mg/ml.

The reduction reaction was sllowed to proceed for 10 minutes at 30°C
after which the activated stock sclution was placed in an ice-bath. The

direct effect of cysteine on the whole heart and isolated atria, a
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slignt depressicn of rate and amplitude, was largely eliminated by
diluting the stock toxin sclutions at least 1:10 with buffer before

testing them on the tissue.

Antitoxin. Normal ucoled human gamma globulin (Squibb), a 16%

solution containing Lkuuwn streptococcal antibodies with an
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anti screptolysin O titer’'of 2000 Todd anti streptolysin units/ml

(39, 40, 41), was furnished through the American Red Cross. Two
purified plasma proteins, human serum albumin (Cutter), and bovine

gamma globulin (Armour), were used for control of antitoxin.

Orgenic Reagents. The cholesterol! used to inhibit streptolysin O

activity was recrystallized four times from ethanol and prepared as an
aqueous suspension according to the method of Cohen,et al. (29). Various
pharmacological sgeats, prepared in 1% NaCl, wz2re used in several phases
of the anaiysis of the mode of action of the toxin. These included: (i)
acetylcholine chloride?; (ii) atropine sulfatel; {(ii1) eserine
salicylatel; (iv) Na-lepzrina 1; (v} l-wethyl~d-lysergic acid butanolamide
bimaleate (UML-491)%; (vi) serotania creatinine sulfatel; und (vii)

n-acetyl serotonin!.

Nutrieat Media for lIsolated Tissnues. Studies involving the

isoleted cavdiac tissues of guinea pigs, rabbite, and rats were carried
out in Chenoweth's solution (68); the biocassays on the guinea pig ileum,
ia Tyvrode's solution. Both media were prepared daily from reagents of

analytical grade in water redistilled over alkaline permanganate.

-

X

Nutritional Biochemical Corp., Cleveland, Chio.

Merck and Company, Inc., Rahway, New Jersey.

w

Sandoz Pharmaceuticals, Hanover, New Jersey.
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Chenoweth's solution was continuously equilibrated with 95% 0, - 5% COp
to give a pH of 7.4; Tyrode's, pH 7.8, was gassed with 100% O,.
Methods.

Experimental Animals. Normal male guinea pigs, ranging in weight

from 250-500 grams, were used in the bulk of these studies. Young
(4~8 weeks), male, albino New Zealand rabbits, and 100-200 gram, male,
white rats were also tested. Unless specifically noted, the results
presented in this communication were obtained from studies on guinea

pig cardiac tissues.

Preparation of Tissue. All cardiac tissues were prepared according

to a common general procedure. Each animal was primed with an intra-
peritoneal dose (5 mg/kg) of sodium heparin, and killed 10 minutes later
by a blow to the base of the skull. The thoracic cage was opened and 2
cannula inserted into the ascending aorta. The cannulated heart was

then excised, connected to the standpipe of an Anderson perfusion
apparatus®, and perfused at 37°C with oxygenated Chenoweth's solution

at a pressure head of 40 cm Hy0. After being thoroughly equilibrated and
trimmed of extraneous tissue, .such hearts were either left in place for
studies involving the intact whole organ, or removed and appropriately

dissected for experiments on the separate cardiac tissues.

In experiments dealing with the mechanical and electrical responses

of isolated atrial pairs, the heart was removed from the perfusion system

Metro Industries, Long Island City, New York.
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and the atria dissected as a single tissue from the ventricles. For
the studies requiring individual left or right atria, the atrial pair
was surgically separated so that the sino-~atrial node remained intact
in the right atrium. Certain experiments required the preparation of
isolated ventricle strips. Such tissues were obtaired from hearts

treated in the foregoing manner, and prepared as described by Feigen,

et al. (69).

Ileal tissue for the bioassays was obtained from normal guinea
pigs by gently freeing it from the peritoneum and delivering it into a
beaker of oxygenated Tyrode's solutien at 37°C. When the entire length
of gut had been transferred and the luminal contents thorcoughly flushed
out, it was tied off at the oral and cecal ends, severed, and stored at
5°C in oxygenated soclution. After 1 hour, the tissue was warmed to 37°C,

and one-third of the distal portion of the gut cut into Z-cm portioms.

Procedures and Apparatus. Intact whole hearts were perfused

through the coronaries on the Anderson apparatus. Streptolysin O and
various pharmacological agents were added in small aliquots to the

standpipe above the heart and flushed through the tissue with normal
Chenoweth's, In certain experiments, atropine or eserine, dissolved in
Chenoweth's, was continuously perfused through the heart. The perfusion
rate was measi.red by carefully timed collections of perfusate in graduated,
conical centrifuge tubes. Ccntractions were recorded on an Offner Dynograph
Type 506 by means of a transducer attached thrcugh a thread to the apex of

the ventricles.
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Simultaneous recora .gs of the electrophysiological and mechanical
activity of atrial and ventricular tissues were made using equipment
and methods adequately described previously (70, 71). Briefly, the tissue
was mounted horizontally in a temperature~controlled bath. Imntracellular
potentials, measured with standard glass micro electrodes, and mechanical
activity, monitoved by a moveable-arode transducer, were displayed on a
twin-beam oscilloscope and photographed by an oscilloscope camera. Atrial
preparations were stimulated with a biphasic 1.0 msec pulse, 10 volts
above threshold, at a rate approximately 10 beats per minute above the
natural rate. Ventricle strips were similarly driven at a rate of 180
beats per minute. All preparations were equilibrated with 02/CO and

2

maintained at 37°C.

The mechanical activity of spentaneously beating, isolated atria
was studied on tissues mounted vertically in water-jacketed muscle
baths héving a volume of 3.5 mi. Three of these baths were arranged with
their water jackets connected in series with a pump-thermostat so that
muitiple tissues could be studied simultaneously. The recording system
consisted of a Statham G-7A transducer, G-18 centrol box, and the Ofiner
Dynograph. These preparations were ma2intained 2t 30°C in order to increase
the amplitude of contraction, cecrease the rate, and prolong the period
of stability. At this temperaturs the rate was 53%, and contraction 2107,

of thar at 37°C, and preparations were .stable for at least 20 hours.
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The bioassays for acetylcholine were performed on ileal strips
each of which was secured to a glass L-rcd and mounted in a water-jacketed
3.5 ml muscle bath in such a way that the free end of the gut strip could

be counected by a thread to a lever-arm writing on a smoked drum.

RESULTS

The Action of Streptclysin O on the Whole Heart.

The addition of a small dose (36 HU) of active toxin to the solution
perfusing an isclated, whole guinea pig heart resulted in a graduad,
monotonic, decrease in the ampiitude of contraction (Figure 1A}. As the dose
of streptolysin O was increasad, however, the character of this response
was altered by the appearance of a rapid, transient decrease in the rate
and amplitude, superiuwposed on the gradual decline (Figure 1B-1D). Larger
doses produced an immediate, reversible, cardiac arrest (characterized
bty both atrial and ventricular standstill), followed by partial recovery
of the rate and amplitude before the long-term effect became dominant
(1D;. This bipkasic nature of the response is illustrated graphically in
Figure 2, which describes the responses of three hearts to different doses
of toxin. At higher doses, the initial phase was a rapid, transieat,
depression of contractioi magnitude, while terminally, a gradual decline
in amplitude occurred, leading to ventricular standstill. It is clear
that the terminal phase was significantly more sensitive to streptolysin O

than was the initial phase.
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Figure 1. The responses of four isolated hearts
- recorded at various times following
challenge with different doses of the

. group A toxin.{37°C).
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: : Figure 2. The effect of various doses of group A
streptolivsin O on the amplitude of contraction

of the isolated heart ( ‘-——‘ 36 HU,
A—A 26w, JJ—W 528 w);

comparison with the effect of stopping the
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- Along with these mechanical changes, strertolysin O caused marked
alterations in the rate of cardiac perfusion, in agreement with the
findings of Kellner, et al.(51). Doses of toxin greater than about 120
units produced an immediate and permanent cessation of fiow, whereas
lower deses induced a rapid, but temporary, decrease in perfusion rate.
In these cases, the flow gradually recovered to an extent inversely
dependent upon the dose of toxin. Hearts subjected to doses of toxim
sufficient to cause permanent arrest of fiow always stopped beating

completely within 46 - 15 minutes after challenge. In these hearts, it

was not possible to separate the consequences of the direct action of
o streptolysin O on the contraction processes from the deleterious
effects of the decreasad perfusion. These effects are shown by the
. dashed curve of Figure 2, which represents the decrease in ampiitude subseguent

to clamping off tke flow of perfusion fluid to a normal heart. The resulting

Eotes

decline in force of comtraction closely parallels that seen with the
higher doses of toxin. Hearts subjected to doses of toxin which caused
only a transient depression of flow did not stop beating but continued to
. contract indefinitely at some small fraction of their control amplitude
(see Figures 1A and 13). In some cases, flow returned to as much as 95% of
- the control level, althcugh the amplizude of contraction never recovered

' . to more than about i5% of its pre-challenge level.

L

Upon close observation of hearts reacting tc large doses of toxin,

g

it could be seen that the depression, or even the complate cessation of
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activity during the initial phase was common to both atria and ventricles.
Similarly, the partial spontaneous recovery of rate and amplitude, i
characteristic of this phase, was shared by both tissues. At the height
of the recovery, however, the ventricles began to lose contractile force.
They became partially, and then completely, dissociated from sino-atrial

rhythm, and began to beat irregularly. The atria, on the other hand,

continued to recover and, at ventricular standstill, still beat strongly.

If such intoxicated hearts were then dissected and fne atria and

ventricles separately tested, it was found that the atria beat spontanecusly
and vigorously at their control rates for many hours, ani that electrically
3 ,; driven ventricle strips were indistinguishable in their performance from

strips obtained from normal hearts.

These preliminary observations suggestsd that the localization of the
physiological disturbance, and the analysis of the mode of action of the
toxin might be facilitated by first studying the behavior of the P’

individual cardiac tissues rather than the whole orgaan.

The Action of Streptolysin O on the Isolated Atria.

Mechanical Properties. The characteristic response of the spontanecusly

beating, isclated atria to activated streptolysin O concisted of a lag

period followed by a transient decrease in rate and amplitude of

contractiorn. The nature of this response is iilustrated in Figure 3, which
- presents tha recorded reactions of four atrial preparations to different

. concentrations of toxin. The time between administracion of the
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Ployre 2. The recorded responses of four preparations

of isolated atria to different concentrations
of streptolysin 0. Washing out the bath with
fresh medium (W) accelerates the recovery.

(36°C).
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test dose and the onecet of the response decreased as the streptolysin O
concentration was increased. The dese-dependence of this inverse relationship
is sumwarized in Figure 4. The more ccmplex Jose-dependence of the
transient changes in atrial rate and amnlitude pvoduced by the toxin is
shown quantitatively by the sigmcidal furations of Figure 5. The toxin
clearly exerted a much more profound depresaion on the force of contraction

than on the freguency.

The recovery of the atria from the effects of the toxin was
characterized by a transient potemntiation in the amplitude ancé rzte of
contraction above the control values. Altnough no meaningful correlatiun
was found between the exteut of this potentiation and the magnitude of the
transient depressisn, a good correlation does exist between the time
required for recovery aud the severity of the respcase. The recovery time
was sihortened if the solution was washed out at the first sign of

spontanecus recovery.

In a series of tests on rabbit and rat atria, it was observed tliat,
although these tissues appeared to be less sensitive to the actions of
straptolysin O than guinea pig atria, they nevertaeless exhibiced the

same characteristic response to fhe toxin.

The repeated challerge of guinea pig atria with a czonstant dose of
streptolysip 0 produced a gradual decline in responsiveness. This

techyphylaxis is exhibited in the traings of Figure 6 taken frmm on atrial
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:"? Figure 4. The affect of increasing the streptolysin O
concentriation on the lag period of response

in isolated atria. (30°Cj,
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Pigure 5. The dcse-response relationships for

streptolysin C on the isolated atria:
L, the effect of toxin concentration cn the
s rate and amplitude of contraction at 30°C.
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Tachyphylaxis to streptolysin O in the
isolated atria: the effect of four successive
challenges with the same dose of toxin on the

nagnitude of response at 30°C.

PO
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preparation subjected four times to challenge with 115 KU/ml. Each
successive challenge was characterized by s pxolongation of the lag period,
and a reduction in the depth of response. Figure 7 shows that the rate of
decline of respon: veness was dose-dependent; semilogarithmic plots of these
functions are linear. The data in Table I show that there was no recovery
of responsiveness with time. A single atrial pieparation, challenged six
times with 158 HU/ml of streptolysin O, was then maintained for 250
minutes in frequeantly renewed medium before the seventh challenge. 1In
spite of this considerable delay, the response to the seventh challenge

was still less than that observed for the sixth challenge.

Electrizal Properties. Imtracellular potentials, recorded from

electrically driven atiia, showed that the slectrophysiological comsequence
of their exposure to streptolysin 0 was an increase in the rate of
repolarization of the action potentiai. Figure 8 presents oscillographic
records of the intracellular potential and mecharnical contraction before
(trace A}, and 45 seconds after (trace B), challenge with 140 HU/ml of
reduced toxin. Quantitative expression of this effect is provided by

the reconstructed action potentials drawn in Figuie 9. Exposure to 72¢ HU/ml

of active toxin for 45 seconds ircreased the initial slope of the repolarization

phase of the potential from the control rate of 0.73 V/sec {trace A) to
2.4 V/sec (trace B) without measurably sffecting the depolarization phase.
In these studies, the mechanical and electrical chamnges began within 26

tc 60 seconds fcllowing the addition eof tne toxim; but, whereas the acrion
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. Figure 7. The effect of toxin dose on the rate of

tachyphylaxis to streptolysin O in isolated

atria. Comparison with the response to anm

iterated dose of acetylcholine. (30°C).
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TABLE I
. The Effect cf Time on Atrial Tachyphylexis to
Streptolysain 0*
Challenge Time After 1lst Per Cent Deprussicn of
No. Chatlenge Contraction ampsditude

: (min)
: . . i
, 1 0 77.2 3
"3 2 10 43.9 %
4 3 20 31.1 ]
. " 3
3 3‘- 4 Jo 29.2 ‘:él
5 40 22.6 g
6 50 22.0 g
b3
ki 7 300 21.6 ,—
: §
5 Alil challenges with 158 HU/mi E
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Oscillographic recordings of the contraction

(upper trace in each frame) and inrtracellular
action potential of the isolated atria before,

and 45 seccnds after, challenge with streptolysin 0

at 37°C.
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!
'
(. Pigure 9. The effect of streptolysin O on the rate of
‘: f; repolarization of the atrial action potential
o
Q\"‘

at 37°C. Recoastructed putentials obtained
from 9 cells prior to challenge (A), and 4

celis after challenge with 720 HU/ml of

-

P active toxin (3).
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potential returned to its control configuration in 2 to 3 minutes, the
contraction did not fully recover until 8 to 12 minutes post-challenge.
Additional electrophysiclogical studies made on separated atria showed
that there was no difference between the right and left atria with respect

to their electrical or mechanical reactions to streptolysin O.

Evidence for Release of Acetvlcholine by Toxin-Treated Atria. -

From a careful analysis of the electrocardiographic records of
reference 46, as well as from the transiently decreased frequency and
amplitude of contraction, and increased rate of repolarization observed
in the present experiments, there was sufficient circumstantial evidence
to consider the possibility that the reversible phase of streptolysin cardio-
toxicity was due to the release of acetylcholine. In order to test this
idea, it had to be shown by quantitative experiments that both acetylcholine
and streptolysin 0, given in comparably effective doses, produced identical
electrical and mechanical changes; that both effects could be blocked
by atropine and potentiated by eserine; and, finally, that the release of
acetylcholine from atria challenged with streptolysin O could be demonstrated

unequivocally.

Comparison of the Effects of Acetylcholine and Streptolysin O on

The Isolated Atria. The responses of isolated atrial preparations

to five concentrztions of acetylcholine are shown in the recordings of

Figure 1). They consist of a dose-dependent decrease in rate and amplitude

- s e e w T et ST VD e s DXL I OGN MR T g at e e - L3




'
5
2

datiast

-

oy

AT

iy

XN

FY D 0ot s b,

-

ol

& 405 et 14

st wfytusy

3N on7

5
i
E3
$
e
¥

LR

e st ey ye

B LN L T

’

Rant?s

LI

’

O

VMg u

v

]

Figure 10.

48

The recocrded responses of isclated atria
to five concentrations of acetylcholine at
30°C. The effect of wasuing out (W) the

bath on the rate of recovery.
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of contraction, followed by spontaneous recovery characterized by a
transient potentiation. This pattern of response is identical to that
observed in tissues challenged with streptolysin O (Figure 3). However,
there is a fundamental difference between the effects of the two agents
which was revealed only by repeated testing. Unlike streptolysin 0, which
depressed the amplitude of contraction less with each repeated challenge,
the reaction to iterated doses of acetylcholine was rather one of slight
potentiation (top curve Figure 7). The dose-response relationships for the
depression of rate and amplitude of individual atrial preparations by
selected doses of acetylcholine are seen in the right-hand sigmoidal
functions of Figure 1l. As with streptolysin O, the ampiitude was
considerably more sensitive to the effects of acetvlcholine than was

the rate.

Electrophysiologically, the treatment of electrically driven,
isolated atria with acetylcholine resulted in a dose-dependent increase
in the rate of repolarization of the intracellular potential as seen in
Figere 12B. These effects were quite similar to those produced by

streptolysin O (Figures 8, 9).

Effects of Pharmacological Agents. If the release of acetylchcline

is a significant component of the atrial response to the toxin, the
reaction to streptolysin O ought to be blocked by atropine and poteuntiated

by an anticholinesterase such as eserine. The ability of atropine to block

b TR
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Figure 11.

The dose-response relationships for
acetylcholine on isolated atria: the
effect of concentration on the rate (R)
and amplitude (A) of contraction in the

normal und eserinized preparation at 30°C.

51




A A g

(/7W) auoyofeoy

o o
< o
('35 3) uoissaidag ia) Jad

3

1
Qo
©

VW ;.0OIXI69
aul9s 3

|DWION

S
.

G s
N sy 3 R
NP NN ~.\_-.». .3«

YT 102 S AL $5 2 2T N b o NS T Av.,.(\, ; 93 Y YT Bt
. :




Figure 12. The contraction and intracellular potential
of an igolated atrial preparation befors (A),
and 30 seconds after (B), challenge with
acetylcholine. Atropine, at a conceatration
sufficient to block this dose (C), complerely
eliminates the effects of 140 HU/ml of

streptolysin O (D; compare with Figure 8B).
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the electrophysiological manifestations of streptolvsin O action on the
isolated atria is demonstrated in Figure 12. The preserce of atropine in
a concentration sufficient to eliminate the striking increase in the
rate of rspolarization prodvced by 2.5 x 10 7 i acetylcholine {12B),
completely blocked the effects of streptoiysin O on the repnlarizatrion

rate (12D; compare with Figure 8B).

The actions of atropine and eserine on the mechanical changes
produced by streptolysin O are showr in Figure 13. The slight depression
of amplitude caused by 310 HU/ml of toxin (Atria A) turned iato a
profound and prolonged depression of amplitude and frequency when this
test dose of texin was given to 4n atrial prepzration surviving in the
presence of 6.9 x 10 ° M eserine (Atria B). On the other hand, the
effects cf a trebled concentration of toxin were seen to be blocked

completely in the presence of 8.2 x 10 ’ ¥ atropine (Atria C).

The ability of eserine to increase the sensitivity of thz atria
to the chronotropic effects of streptolysin 9, illustrated in Figure 13B,
supports the inference that the effects of the toxin on this tissue are
mediated by the release of acetylcholine. The dose~response curves of
normal and eserinized atria presented in Figure 11, show that 6.9 x 1T M
eserine not only lowered the effective dose range of acetylcholine by
approximately one order of wagnitude, dbut also significantly steepened

the sicpe of the rate depression curve.

o Nwe g it £ B P . T - - -




ks
-

#
. A

RS o p
ASTAT sr A 05,

2,

s

VTS0 ad ve,

e s D L Pirhe s R

I}

/e
izt

[\ 22kt

T
s
>

VG

W,

Pigure 13.

s e a8 e e AR TR M T R Y KO wr

56

The response of an isolated atrial preparation
to 30 HU/ml of streptolysin 0 (Atria A).
Modification by eserine of the response of
another atrial pair challenged simultaneously
with the same toxin conce-tration (Atria B),
and by atropine of the response of a third
preparation to a three-fold increase in toxin

dose (Atria C). 30°C.
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. Detection and Estimation of Acetylcholine Released from Atriaz Exposed

PO

. to Streptolysin 0. Although circumstantial, the foregoing evidence
; was entirely consistent with the hypothesis that the toxin preparatiocns
released acetylcholine from atrial tissues. Hcwever, initial attempts

; to demonstrate de facto release from single, or even multiple (three)
: atrial preparations by testing the bath or perfusion fluids obtained
during the course of the various experimental procedures were unsuccessful,
. , presumably because of the presence of powerful acetylcholinesterases and

= ; the high degree of dilution to which any net release inevitably was

: subjected.

) -“’M - '"“ i “‘!N‘v\: - ]

. 0
oAy A

. A test of the potency of atrial acetylcholinesterases was made by

determining the rate of inactivation of exogenous acetylcholine. Four

)

guinea pig atria, prepared in the usual way, were assembled into a bundle

£

and immersed in 10 ml of gassed Chenoweth's solution containing 1.08 x 1073

WA Ao

umoles of acetylcholine chloride. The reacticn was allowed to proceed at

37°C fer 12 minutes during which 0.1 ml samples were drawn at the times

dst it S AR ESONA R

- indicated in the protocol given in Table II. The concentrations of

Caw

residual acetylcholine at various intervals were measured by bioassay on
the guinea pig's ileum with reference to standardized dose-response
curves to acetylcholine. The results given in Table II show a lirear
reduction in concentration over the first 12 minutes. When these data
were corrected for the dry weight of the tissue (98.5 mg) the initial

rate of destruction st 37°C was found to be 3.4 x 10 ¥ imoles acetylcholine/

AT

gram dry atrium/minute.
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Destruction of Exogenous Acetylcholinel‘gx Isolated Atria"™

TABLE 1II

Z of Initial ACh

Time ACh Remaining
(min) in sclution Remaining in
(u moles x 10 ') Solution
0 i0.8 100
1 10.8 100
4 9.5 88
6 9.1 84
8 8.2 76
12 7.1 66

N

Ol s IR ARUC S

Acetylcholine Chloride (Merck) = ACh
4 atria (dry weight = 95.8 mg) handled as single tissue

Bioassay on the guinea pig ileum standardized with
Acetylcholine.
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From these results, it was evident that measurable amounts of
acetylcholine could be obtained only if a large quantity of atrial
ticsue were challenged in the presence of eserine, and if samples of
reactiorn fluid were taken at a very early stage in the reaction; furthermore,
very high concentrations of toxin were used and the reaction temperature

was lowered from 37°C to 25°C.

Accordingly, ten pairs of atria were assembled into a bundle and
immersed into a 6.0 x 10 / M solution of eserine made up in Chenoweth's.
After an equilibration pericd of 3 minutes the tissue was transferred to
a flask containing streptolysin O (838 HU/ml) made up in eserinized
Chenoweth's medium. At the same time, for contrel purposes, an appropriate
quantity of toxin was added to the o?iginal eguilibration flask to bring
the toxin concentration to the same strength as that present in the
chalienge solution. After 3 minutes of reaction the tissue was removed

and the solutions from both flasks transferred into 15 ml centrifuge cones,

heated to 56°C for 10 minutes to inactivate the toxin, chilled, and centrifuged

at 5°C for 15 minutes. The tissue was placed in a tared weighing bottle and
dried at 105°C to a constant weight; the supernates were bioassayed for

acetylcholine on the guinea pig's ileum, as shown in Figuvre 1l4A.

Activity was present in both the control and the challenge fluids,
suggesting that a certain amount of spontaneously released material had
accumulated in the eserinized medium. Challenge with toxin clearly

increased the concentration of this material, since the addition of 0.6 ml
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Biological identification of acetylcholine
released by streptolysin O-treated atria.
Bioassay on the guinea pig ileum of solutions
bathing chalienged atria (CHALL), and control
incubation solutions (CON); comparison with
acetylcholine (ACh) standards. Numbers

rep- ~ent milliliters of sample added to the
bath (final volume, 3.5 ml). Acetylcholine
standard, 1 x 10 © M; histamine (H) standard,
1 x 1073 M; atropine (A) added to a final

concentration of 7.5 x 10 ° M.
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cf rhs ~nallenge solution produced a contraction that was 2.5 times greater
than thet given by an equal volume of the control. Repetition of the
test in the presence of 7.5 x 10 5 ¥ atropine showed that the response
to the "maximal” doses of both test and control solutions were blocked by
the drug, whereas the tissue was still responsive to histamine under

these conditions.

Substantially the same results were obtained in a second release
experiment in which 12 atrial pairs were challenged with twice the
concentration of toxin used earlier, but for half the time. The bioassay
record (Figure 14B) permits the construction of a standardization curve to
acetylcholine and thus to calculate the concentrations (acetylcholine
equivalents) of the active atropine-sensitive material liberated. On
this basis, it was computed that the controi solution contained
9.8 x 10 * pmoles of spontaneously released acetylcholine, and that
the challenge solution contained 18.8 x 10 “ pmoles as acetylcholine
equivalents. Thus, the net release due to the action of streptolysin O
was 9.0 x 10 * umoles. Correcting this value by the dry weight of
the tissue (247 mg), and for the reaction period (90 sec), the unit
rate of release was 2.5 x 10 3 pmoles acetylcholine/gram dry atrium/

ninute.

The Effects of Streptolysin O on the Isolated Ventricle.

Having examined, in detail, the characteristics of the response
of the isolated atria to streptolysin 0, it remained to demonstrate

the effects of the toxin on the isolated ventricular myocardium.

i S

Lo A ESASEpRrbroaTa e S - -~ - =

e A A




t

‘e 0 st 2pbangrrin Aaat

pis

i

e iiabe

T
W

2T .
P v .
EAMRSLONNG el I S

RS ATRNM s

AL

Dt i g ah et S

i g o NYOyY

COETH oA AN PRIAN R

A omity,

gty s,

sy AL
Ktwatoldaded

i

2

At

e v

BEluas i AR Sy st T i Lato B Gl N i A L s e i el R LA ]

DS

R R e

L em e N ar el s KWL S wh S g WO N s W W T e m RN T N e

64

As mentioned above, electrically driven ventricle strips, obtained
from streptclysin-intoxicated hearts in ventricular arrest, appeared to
function normally. Similarly, the exposure of ventricle strips obtained
from normal,untreated, hearts to high concentrations of active toxin
(up to 400 HU/mi), established that streptolysin O had no detectable
effect on the rate and amplitude of contraction or upon the configuration
of the intracellular potential. The records of Figure 15 demonstrate that
200 HU/ml of reduced toxin produced no observabie changes in the electrical
or mechanical activity after 60 seconds (trace B); no changes occurred
over a period of 30 minutes. In addition, as shown by trace C, this
preparation was completely insensitive to acetyicholine; concentrations
in excess of 1.4 x 10" 5 M failed to have any effect on the recorded

parameters.

The Significance of Acetylcholine Release to the Cardiotoxicity of Streptolysin 0.

Having demonstrated that acetylcholine could be reieased from atria
by streptolysin O and that the liberation of this transmitter substantially
accounted for the functional changes observed in this tissue, it was
appropriate tc consider the contribution of this phienomencn to the
toxicity of streptolysin O in the intact organ. For this purpose we
made a detailed analyeis of the time-courses of rate, amplitude, and
perfusion flow changes in whole hearts subjected to physiologically
"equivalent" doses of acetylcholine and streptcolysin O in the presence

and absence of atropine and eserine,.
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Usciilographic recordings of the contractions

and intracellular potentials of an isolated
veatricle strip preparation before challenge

(A), 60 seconds after challenge with streptolysin O
(B), and 60 seconds after challenge with

acetylcholine (C). 37°C.
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Figure 16 compares the effects of two concentrations of streptolysin 9
with their functionally equivalent dcses oi acetylcholine. Thern is a
striking similarity between the transient depression <f rate and amplitude
resulting frem acetylcholine administration and the initial phase of trhe
toxin effect. The difference between the acticns of the two agents lies
in the recovery phase. The recovery of the acetylcholine-treated hearts
vas complete, wherzas tne toxin~treated organs recovered only partially,

and then declined irreversibly.

The effects of atropine and eserine on the response of the whole
hedart to straptolysin O are demcmstrated in Figure 17. The initial rate
of decrease of amplitude produced by 132 units of active toxin was
accelerated in the presence of 6.9 x 10’/ M eserine, whereac atronine
(1.4 x 10 6 &) blocked this-iniﬁia} phasé even when the streptolysin 0O
dose was doubled. Althouvgh the pharmacological agents greatly influenced
the course of the response fu its initial stages. they had nc effect
on the rate of the irreversible decline of the terminal phase as
evidenced by the convergence of the three curves of Figure 17 at about
4 minutes. In addition, these agents had no measurable influence over

the changes in perfusion flow-raite produced by challenge with the toxin.

The Effects of Serotomin on Cardizc Tissuss of the Guinea Pig.

Since certain anti-serotonin agents were protective against the

lethal toxicity of streptolysin O in rabbits and mice(47), the possible
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A comparison between the actions of
streptolysin O and acetylcholine on the
isolated heart at 37°C., Two concentrations

of toxin (B and D) are compared with their
functionally equivalent doses of acetylcholine

(A and C).

| B T

v T e A R s e WP S, 5o
4
k=N .
] ot Y s
v v = T A o
PR N =




69

NiIN SI

SR R Y N 0 A s A A 8 BT b B -

938 01

ol 9 € 2  Ea— 0°des)S AH 009E — a

—

T —

el 9 1 4 YOV SOOI

%%%%l‘

0l 0'denis NH 09¢ m

%%%II!%%%%%%.

Wy SOONgOIE a

T

i

-~

=

R s T L. LV

B




. , e PR
e e T ™ e RN T VST AN DI

-~ - - B o T T s S,

“
4

-
PO RPN T % o el it

»
-
70
E - s
-’
g e
¥
- ;
3 H
X *
S «
2 0
H
> A
3
3 .
k! Y
',
2
.
‘\‘ -
:
:(
f :
T
¥
H P
B
-1
H

L Figure 17. The initial phase of the response of the
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role of serotonin in the Zn vitro cardiotoxicity of streptolysin O

‘h,
-

% . for the guinea pig heart was investigated. é
g Very high concentrations of serotonin creatinine sulfate (2.0 x 1074 my

0
:

MY (AR
T IA

applied to the isolated, perfused whole heact produced a slight, fully

reversible, decrease in rate and ampiitude of comntraction, accompanied

FREZSTIF SN

by a marked inmcrease ir the perfusion rate (up to 180Z). The serotonin

N, T
VG £ ' LN

blocking agent, UML~491, modified this response but had no effect on

SYARYAY SIS By

i

any part of the response of the whele heart to 240 unitg of streptolysin O.
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Electrically driven, isolated atris responded only to very high

TYTRVI
(RTINS

. concentrations of either serotcnin creatinine sulfate or n-acetyl

AR RN DR R R A A2

serotonin. For example, a concentration of 4.7 x 10 © M of the

NNV TT

n-acetyl derivative produced a rapid, 110%, increase in ampiitude

_,
fidsy

which continued until renewal of the medium. Even such

i

high concentrations failed to produce any measurable alterations in

the intracellular potential. UML-491 (1.25 x 10 2 mg/ml) protected

B
AL I AR e

the preparation against these serotonin doses but did not alter its

. regponse to 240 HU/ml of streptolysin O.

SIVTIP RN air turfog b o

Similarly, large doses of these compounds increased the amplitude

of contraction of the electrically driven, isolated ventricle strip,

Rt o3 3

o pomioire’

but had no effect on the configuration of the action potential.

Figure 18 shows the results of exposing such a preparation to 1 x 1077 &
serotonin for 120 seconds, and 10 minutes; the marked potentiation of the

contraction is not accompanied by observable electrical changes.
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Oscillographic recordings of the contraction
and intracellular potential of the isolated
ventricle strip before (A), 120 seconds after
(B), and 19 minutes after (C), challenge with

1x107y serotonin creatinine sulfate at 37* c.
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Evidence that the Cardiotoxic Factor is Streptolysim O. *
Although the streptolysin 0 preparations used were highly purified, ?

%

they were known to be contaminated with small amounts of one or two f

P

other antigens (46, 40).Certain properties of streptolysin O were used

to ensure that the effects considered in this report were owed to the

fr BT ks

oo

action of that molecule (36, 51, 46).

Inactivity of the Oxidized State. 1In tests on the whole heart

and isolated atria, reversibly oxidized group A and group C toxims,
having potential hemolytic potencies of up to 1200 HU/ml, produced none
of the changes in rate and amplitude of contraction which characterized
the actions of the same concentration of the reduced material.
Similarly, bubbling oxygen through streptolysin O previously shown to
be fully active, reduced the potency of the toxin tc a degree dependent

upon the extent of oxygenation.

Inhibition by Cholesterol. Aliquots of the activated toxin were

incubated with the cholesterol suspension, then tested on the isoclated
atria. Figure 19 shows that such a treatment completely inhibited -the
effects of 89 HU/ml of the toxin preparation (Atria B) while the same dose
of untreated toxin produced the usual mechanical changes (Atria A).
Incubation of atria with cholesterol suspension, followed by thorough
washing, failed to protect the tissues from subsequent challenge with

active streptolysin O.
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Figure 19. The ability of cholesterol and heat to izhibit

the activity of streptolysin O tested ou
isolated atria. A dose of 89 HU/ml of active
toxin, which elicited the responsz seen in the

record of Atria A, produced no effect when first

Clalut i 2e s 7

incubated with cholesterol (Atria B). Heating

the toxin first (56°C, 1C min) alsc destroyed

s 1

its depressant effects (Atria C). 30°C.
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. Heat Inactivation. The thermolability of our texin preparations

was demonstrated by hearing the toxin-buffer sclutions (56°C for 10
minutes) prior to activation with cysteine. 1In the example of Figure 19
(Atria C) heat-treated toxin produced no response when added to the
bath (final concentration 115 HU/ml) while untreated toxin «f the same

dose produced the expected effects.

Neutralization by Specific Antibody. In these studies, normal

pooled human y-globulin at a concentration of 160 mg/ml was used. An
aliquot of 0.5 ml of group C toxin, activated with cysteine and diluted
to give a final concentration of 5880 HU/ml, was incubated at 24°C for

S minutes with 0.25 ml of the human y-globulin. The data in Table III

ﬁ demonstrate that the severe depression of atrial contraction produced

§. by three doses of untreated toxin were completely prevented by previous
incubation of the toxin with antibody. Controls, in which streptolysin 0

was similarly incubated with human serum albumin or bowvine y-globulin

0

W g Sy

before testing on atria, showed that these proteins provided no

significant protection against the effects of the toxin.

DISCUSSION

These studies, performed with rather highly purified toxin preparationms,

” o ~ - ¢ L
M Vs S TR R S T T s

.

confirm the in vitro findings of Kellner, et al.(51) who demonstrated

the ability of microgram quantities of reduced streptolysin O to induce

KRS 6 FIE

cardiac standstill in isolated mammalian hearts. In addition, however,
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TABLE 1III

ey e
“— e

Neutralization by Antibody (IHG) of the Toxicity of Streptolysin O
(m the Isolated Atria

i
Expt. Atria Strep. O Protein! 2 Changes in i
No. No. (HU/ml1) (mz/ml) Amplitude (84), :
Rate (AR) !
1 112 - - 64 8A ‘
- 17 AR i
1 2 112 2.36 IHG no change
3 - 2.36 IHG no change
4 136 - ~ 57 aA
~5 AR
II 5 136 1.34 IhG no change
6 136 0.43 BGG ~ 48 AA
-0 AR
7 184 - - 88 AA
- 77 R y
?
T1I 8 184 1.34 IHG no change
9 184 1.49 HSA ~ 48 AA
-0 4R
1
IHG = Immune Human Globulin, E. R. Squibt and Sons, New York
S
'_f- HSA = Human Serum Albumin, Cutter Laboratories, Berkeley, California

BGG = Bovine Gamma Globulin, Armour Pharmaceutical Co., Kankakee, Illinois.
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it has been shown that the response of the whole heart to this toxin
~é% consists of two separate and distinct phases. There is initially a
‘ rapid, transient decrease in the rate and amplitude of contraction

, associated with the release of acetylcholine from the atria. These
,.“» events are superimposed on the second phase, a gradual, irreversible

{1% decline in ventricular contraction.

"} In the whole heart, the initial phase of the response to

- streptolysin O appears to be entirely atrial in origin and exactly

_; parallels the action of the toxin on the isolated atria. Both the

.4 whole heart and the atria show an immediatz, dose-dependent, decrease
_;fé ‘ in rate and amplitude of contraction, followed by spontaneous recovery.
o _ Thiis is complete in the isolated atria, but in the whole organ, is
interrupted by the gradual and irreversible ventricular decline. The

transient depression can be accounted for by the toxin-induced release

>
oot et

of acetylcholine since (i) there is excellent correspondence between the

m
-

&

v 2 : actions of streptolysin O and acetylcholine on the whole heart and on

i e

the isolated atria; (ii) the increase iﬁ the rate of repolarization of

pae
-

s the atrial action potential caused by streptolysin O is characteristic

s of the action of acetylcholine; (iii) atropine modified the initial phase
of the reaction of the whole heart to streptolysin O and completely
protected the isolated atria from its effects; (iv) eserine aggravated

z the transient depression in the whole heart and isolated atria, and,

Cr T S
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finally, (v) acetylcholine was pharmacologically identified in the _

f solutions bathing multiple atriea challenged with streptolysian O.
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The initial difficulties in recovering acetylcholine from atria
challenged with streptolysin O can be understood after consideration of
the kinetics of the release and destruction of acetylcholine. The
release of endoanous transmitter occurs in close proximity to the
cholinergic receptors so that relatively small amounts of released
material produce rapid and profound changes. This action is necessarily
transient in nature, however, because of the rapid enzymatic hydrolysis
by the potent acetylcholinesterases. Any transmitter, which escapes
destruction,encounters barriers to diffusion from its site of release
and action to the bulk phase medium. Thus, only a very small percentage
of the acetylcholine released by streptolysin O can be recovered from
the solution surrounding the tissue. Conversely, these same factors
limit the effectiveness of applied exogenous acetylcholine by sharply
reducing the amount of intact, active material which reaches tissue
r- :ptors. For this reason, excessive amounts of the compound must be
added to the bulk phase in order to reproduce the effects of locally

released material.

These problems were overcome by using large quantities of tissue,
high doses of toxin, and by blocking the enzymatic destrvction of
acetylcholine with eserine. We were thus able to detect, biologically,
s .-t release of 3.8 x 10 3 umoles of acetylcholine/gram dry tissue
from atria challenged with toxin. Over the 90 seconds reaction pericd, this

represents a net release of 2.5 x 10 3 ymoles acetylcholine/gram dry
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s atrium/minute. The rate of destruction of exogenous acetylcholine,

U W

estimated from the data of Table II, amounts to 3.4 x 10 * ymoles

LI

ace;ylcholine/gram dry atrium/minute. Although these quantities and
rates are gross approximations of the actual acetylcholine release

and destruction at the cellular level, they provide evidence of the

k- formidablic barriers to quantitative recovery.

g

i
e W

* The observed atrial tachyphylaxis to repeated doses of streptolysin O

7

could have come about because of an interference with the tissue

g receptors for acetylcholine, or because of a defect in the apparatus
concerned with either the metabolism or release of the compound.

1 ; Preliminary experiments on this question indicate that there is no

; alteration in the tissue receptor for acetylcholine. The top curve of
Figure 7 shows that there is no less of sensitivity to repeated, large

x doses of the transmitter. Furthermore, experiments in which alternate

¥ Wl ok

doses of acetylcholine and toxin were given repeatedly, showed no

N eves vl dn

TR

change in the response to acetylcholine, while the responsiveness to

e b

streptolysin O declined. However, as these latter experiments were

3

i, bt

2ol (AR 1

. made with a rather low concentration of toxin, they were not sufficiently

AR
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critical, and we are not yet able to distinguish with tertainty among

- -

possible defects in acetylcholine m2tabolism; release,or receptor mechanisms.
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The teirminal phase of streplolysin O toxicity :u the whole heart is
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a gradual loss of force of contracticn. This defect apparently does

#
-
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not result from damage to the myocardial contractile mechanism itseilif,

Yudle.3
iRt S A IS L DRSO

o

W




e e RO T v A e S P e T R TS A RN Wy T LTI I T . A o ——
TR 5 - [ -

Bl . S I T -

83
but to the system which distributes the excitatory impulses. That the
contractile mechanism is functional was established by the ability of
isolated strips of myocardium from arrested ventricles of toxin-treated
hearts to contract normally when artificially stimulated. In additionm,
high concentrations of streptolysin O had no toxic effects on isolated
ventricle strips from normal hearts. This is in conformance with the
findings of Goullet et al. (72) who observed only a transient, positive,
inotropic effect in the isolated ventricle strip of the rat. The
observation that, at vertricular standstill, the atria beat normally
irdicates that the sino-atrial node is functional. These findings,
suggest that ventricular standstill, subsequent to streptolysin O
administration, results not from damage to the contractile tissue of
the ventricles, but to the atrio-ventricular node or other components
of the conduction system. This conclusion substantiates the in vivec
findings of Halbert et al. (45) whose electrocardiographic data from
rabbits was characterized ty conduction defects and ventricular

automatism.

Although there is strong evidence to implicate acetylcholire as
the agent directly responsible for the transient depression of the
whole heart, the evidence is equally convincing that it plays no part
in the veatricular depression of the irreversible terminal phase. The
studies on the isolated intact heart demonstrated (i) that atropine and
eserine had no effects on the ultimate decline of ventricular force of

contraction, and (ii) that hearts challenged with large doses of
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acetylcholine recovered fully from caxrdiac arrest and failed to show

any of the long term effects characteristic of the terminal phase

produced by streptolysin O.

Additionally, isolated ventricle strips from normal hearts show
no electrophysiological or mechanical changes subsequent to huge doses
of streptolysin O or acetylcholine. This is in conformance with
pravious work which established the lack of parasympathetic innervation

of the ventricles and their insensitivity to acetylcholine (73).

The analysis of the cardiac response to larger doses of toxin is
complicated by the immediate and permanent cessation of coronary
perfusion. Figure 2 (dashed line) shows the decrease in contraction
amplitude resulting from artificially blocking coronary perfusion. This
was also shown by Kellner, et al. (51) who stopped coronary flow and
noted a rapid decrease in ventricular contractile force which, however,
recovered completely after restoration of normal perfusion. Thus, at
high levels of streptolysin O intoxication, it is not possible to
distinguish between the deleterious effects of anoxia, and the decreased
ventricular activity owing to the action of the toxin on impulse
conduction. Such a distinction, however, is possible with lower amounts
of toxin which invariably lead to an irreversible decrease in ventricular

function, though they preduce only transient lowering of perfusion (ref. 51

and present work, Figure 12). In these situations, it is clear that
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N streptolysin O has an effect on ventricular contraction which is separate

and distinct from its influence on coronary perfusion.

Contrary to the experience with intact animals (47), our work

failed to produce any evidence that serotonin plays an active role in

BT PR WU

the in viiro cardiotoxicity of streptolysin O. On the contrary, the

e

changes produced by the extremely large doses of the amine, t.e. (i)

positive inotropic and chronotropic effect on atria, (ii) positive
inotropic action on the isolated, driven, ventricle strip, and (iii)
increased coronary flow in the whole heart, are opposite to the changes
produced by the toxin. Furthermore, anti-serotonin agents appeared to
have no effect against the actions of streptolysin O in the isolated

atria or whole heart.

It is interesting to consider the results of these studies and

those of Halbert (46) in relation to certain of the clinical manifestations
of streptococcal infections and their sequelae in man. The electro-
cardiograms of patients suffering from scarlet fever, streptococcal

] pharyngitis, and rheumatic fever often show abnormalities characteristic
of damage to the atrio-ventricular node or ventricular conduction system.
The most common change is prolongation of the P-R interval, but partial
atrioventricular heart block, atrioventricular dissociation, inversion
of the T-wave, and bundle branch block are also encountered (74, 75).
These observations are of interest in light of Halbert's in vivo electro~
cardiographic findings of conduction defects following injection of

streptoiysin O into rabbits, and our own evidence that the in vitre
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3 § toxicity of streptolysin Q for the guinea pig heart results from
T x ® :
- % damage to the conduction system. Since the toxin is known to be present
;! v
“f e during the course of rheumatic fever (76), the above findings are
e compatible with the concept that this molecule mzy be responsible for
2 <
3 the conduction defects represented by the diagnostic abnormalities of
3 ;
; 4 the electrocardiogram.
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PART II.

Cardiac Anaphylaxis in the Guinea Pig
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General Considerations

Immunological mechanisms, although usually considered as acting
to increase the resistance of an animal to disease or to help protect
him against the effects of deleterious foreign substances, also
include a number of conditions in which the animal is actuvally more,

: not less, susceptible to such agents. These conditions, called

T hypersensitivity states, are characterized by heightened reactions

to an antigen,resulting in harmful effects on tke body. Thus, an

i animal which has been injected with a harmless protein (egg albumin,

for example) may actually become, not resistant, but highly susceptible

4 to it (hypersensitive), so that a later injection of a small dose may
kill him very quickly. In this way, also, an animal which has been

? infected with a disease-producing agent such as the streptococcus,

although apparently more resistant to a subsequent infection, may

be definitely less resistant than a normal animal to toxic proteins,

like streptolysin O, which axe elaborated by the bacterium.

TN e oy
-

The conditicns of heightened susceptibility are closely linked
with the protective mechanisms because both states are produced in most,

if not 211, cases by processes which show the closest similarities. They

P e RIR, iy

exhibit the same high degree of aspecificity, can often bpe shown to

ws

depend on the presence of antibodies, and often regsult from infection with

a specific organism or from the expcsure to a specific foreign substance
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(77). Thus, the union of antigen and antibody in vivo which can have,

and often does have, beneficial effects, may have barmful effects owing
to disturbances of cells either in the immediate area in which the union
takes place or remote from that area, or due to cellular damage caused by
toxic substances released as a sequel of antigen-antibody combination.
These manifestations of the hypersensitivity reactions are really side

issues to the central fact of this combination. The neutralization of

the antigen by the antibody, resulting in protection from the direct
actions of the antigen,may go on while, independently, a hypersensitivity

reaction also occurs. This has been shown schematically by Raffel (78):

{(a) Acquired resistance:

antigen + antibody ~+ neutralization of infectivity or

toxicity of antigen

(b) Eypersensitivity:

antigen + antibody -----+ [neutralization, if it occurs

+ with the antigen in questiw, is
union a slde issue]
+

"harmful" effects

on body tissues

RN
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Hypersensitivity reactions can be divided into two types:
immediate and delayed (early and late). Only the first type is germane to
our discussion here. Immediate hypersensitivity can be produced by
ordinary antigens introduced in the usual ways. It is associated with
circulating antibodies, and the sensitivity can be passively transferred
by injecting the serum of a hypersensitive individual into a normal
recipient. The reactions can be evcked only in vascularized tissues,

and depend largely upon changes which occur in the blood vessels, smooth

muscle, and collagen.

Anaphylaxis is one of a group of phenomenpa which fall under the
general headirng of immediate hypersensitivity. It was first described
in 1902 by Portier and Richet (79) who injected dogs with extracts of
sea anemones and mussels in an attempt to immunize the animals against
extractable poisons of these animals. They found, however, that two or
three weeks after injection of a primary sublethal dose, a very small
second dose would be fatal. It appeared that instead of becoming
immunized, the dog developed a condition just the reverse, t.e., a
hyperseneitivity to the agent. The development of a harmful sensitivity
to a relatively innocuous substance led these workers to describe the
state as the antithesis of prcphylaxis; therefore, they applied the
word “anaphylaxis". This term has since been employed to denote acute
shock~like reactions which may occur subsequent to the injection of

antigen into hypersensitive man or other animals (78).

4, ALK b bt s
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In Vivo Anaphylaxis

Early Observations. Although Magendie (80) first noted the sudden

death of animals repeatedly injected with eggz white in 1839, attention
was first definitely drawn to the phenomenon now known as anaphylaxis by
Portier and Richet (79). In the following year, Arthus (81) published
an account of his observations on the hypersensitivity of rabbits to
successive injections of horse serum. Although the first few injections
were tolerated without difficulty, the fourth injection produced a mild
reaction at the site of injection. This local reaction, now known as
the "Arthus phenomenon", was also observed when the first few injectioms
were made intraperitoneally and the subsequent ones subcutaneously.
However, when Arthus administered the first doses subcutaneously and
then injected a dose of serum intravenously, he observed serious
disturbances and even death in the rabbits. Repeating his experiments
with milk instead of serum, Arthus was probably the first to note the
specificity of the anaphylactic response, when he stated that the rabbits

sensitized to serum were not sensitized to milk, and ’ice versa.

Perhaps the first clinical studies of anaphylaxis were published
by von Pirquet and Schick (82) in 1903. In these studies, which came
about from their observations of patients receiving protective doses of
immune equine serum as an antitoxin to diphtheria, they noted that their
patients often reacted rapidly to a second injection of the serum. Later,

von Pirquet introduced the word "allergy" as an all-inclusive temm
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. . denoting a condition of "altered reactivity" of the body to antigenic

substances (78).

Anaphylaxis in the guinea pig has supplied the greatest amount
of information on the nature of these reactions and has afforded the
basis for many fundamental concepts of hypersensitivity (83). In 1904,
Theobald Smith (84) noted that guinea pigs prepared by injections of
diphtheria toxin-antitoxin mixtures promptly displayed fatal anaphylactic
F . shock when injected several weeks later with normal horse serum.

K Otte (85) found that sensitization was independent of the toxin or

‘:; antitoxin content of the injected material but was induced by horse serum

; alone. He was probably the first to note the phenomenon of desensitization
when he observed that sensitized guinea pigs given a number of very small
injections of horse serum withstood subsequent doses which ordinarily

2 ’ produced fatal anaphylactic shock. Other authors (86, 87, 88) have

‘;; a confirmed these findings and noted that if guinea pigs survived

anaphylactic challenge, they remained unresponsive to the antigens for

some time after the first challenge,

gk iemaal it A AR (60

The amount of antigen required for sensitization varies widely
-3 . according to the species of animal and molecular properties of the

antigen; but, generally, all that is necessary is an amount sufficient

il

2ikefye

3 to elicit antibody formation {77). Rosenau and Anderscen (87) in 1906 were
successful in sensitizing guinea pigs with as little as 1075 ml of

horse serum. However, with this dose, the censitization was slight and
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the subsequent anaphylactic reaction was not fatal; larger sensitizing
doses gave more consistently fatal results. Wells (89) got definite
sensitization of small guinea pigs with 5 x 10 8 grams of crystallized

egg albumin, and this amount apparently apprsaches the lower limit.

The majority of the antigens used for semsitizat’.n have been
proteins cr zarbohydrates. However, lLandsteiner and Jaccbs (9C) induced
anaphylaxis by injections of arsphenamine, and Landsteiner and Chase (91)
were able to sensitize animals anaphylactically by the cutaneous
administration of simple compounds such as picryl chloride. It is
probable that such simple molecules combine with host proceins, and that
it is the protein-hapten complex that actually sensitizes (77). Similarly,
it has been shown that the anaphylactic reaction can be elicited by simple
compounds. Landsteiner and van der Scheer (92, 93), and later others
{94, 95) have been able to produce anaphylactic shock by injecting

azodyes.

There is usually a latent pericd of a week or more between
the initial {sensitizing) injection and the tiwme at which a second dose
of the antigen produces anaphylactic shock. This was recognized in the
early studies of Otto (85) and Rosenau and Frost (&7). Coulscn, et al.
(96, 97), acd Kabat, et al. {98, 99) reported that the intensity of the
anaphylactic reaction in guinea pigs depended on the amount of antigen
used to sensitize the animals as well as the amount used to challenge

the animals. Coulson and his colleagues found that the dose of antigen

P
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required to produce a standard intensity of reaction increased as the
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amount of antigen used to sensitize increased; however, Kabat's group
obtained conflicting results. Because of the uncertainties involved in
attempting tc use the sensitizing dose of antigen as a measure of the
subsequent degree of sensitization, this discrepancy was not resolved

until ix vitro methods for studying these reactions were employed.

3 - This is a good example of the limitations inherent in the studies
E: . of gross, systemic, anaphylaxis. This technique has indeed been useful
in determining the immunologic responsiveness of a subject, the compar-

ative characteristics of reactions in whole animals, and the effectiveness

wl o
L/

of prophylactic measures. However, its usefulness in quantitative

'\‘1- oA ol

studies of sensitization, the stcichiometry of antigen-antibody reactions,

S a4t

and the release of pharmacologically active materials, or in iavestigationms

of the complex mechaniums underlying the gross manifestations of
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anaphylaxis, is severely limited.
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These defects were partly overcome when it was observed that
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sensitivity could be transferred from a sensitized animal to & normal

v

recipient. This technique permitted closer control of the amount of
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- antibody involved in the production of anaphylactic sensitization.

Kabat, et al. (98, 59, 100, 101, 102) used thiz technique to study the

8 8 VAN e ped

: amounts and kinds of antibodies required to produce systemic anzphylaxis
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in the guinea pig, and Pruzamsky, et ql. (103, 104, 105) refined these

methods for their studies of the kinetics and dose-relationships in the
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anaphylactic reaction in passively sersitized gulnea pigs. However, the

~santitative pature of the scoring system used to rate the severity of
systemic anaphylactic reactions tended to mask the quantitative aspects
of this phenomenon and there was still little that could be said about

the basic mechanisms responsible for the outward me *festations of

anaphylaxis.

In Vitro Anaphylaxis

Early Observations. Most of our present knowledge of the mechanism

of anaphyvlaxis has been obtained through studies of the anaphylactic
reaction in isolated tissues. Such tissues can be prepared either from
actively or passively sensitized aniwals, or they can be passively
sensitized iz vitro. This technique permits the experimenter not only
to control the sensitizaticn and challenge procedures, but also permits
him to measure the intensity of intermediate responses and processes.
the isolated

Many tissues have been used successfully for this purpose:

gut, uterus, aorta, lung, tracheal rings, heart tissues, as well as

isolated leukocytes, platelets, and mast cells.

Smooth muscle from a sensitized animal contracts when exposed
to antigen in vitro. This phenomenon, historically referred to as the
Schultz-Dale reaction, has been studied most often in the small intestine
(106) and uterus (107) of the guinea pig, but has also been demonstrated

in the arterial smcoth muscle of this species, first by Grove (108) in
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1932, and in the bronchicles and pulmonary arterioles of the rabbit lung

{199, 110).

B iy siralisad g o e i AR ORAY

-3 ; The Schultz-Dale technique dates from 1910 when Schultz (106) found

s

Wt

that if an intestinal strip from a sensitized guinea pig was excised and
mounted in a bath of oxygenated Ringer's solution, addition of the specific
antigen to the bath would induce a contraction of the tissue. Although

Schultz concluded that the isolated tissue was in itself supersensitive

&
IR IR L o [ S L P

’ to the protein to which the whole animal had been sensitized, the
experimental evidence was not firm since the horse serum which was used

as the antigen alsc caused normal and desensitized muscle to contract.

LA VLA

Dale (107), who apparently started his work at the samz time

\

AR

Schultz did, observed that an isolated uterus, prepared from a guines pig
which had survived an antitoxin test, contracted strongly when a normally

innocuous concentration of serum was addéd to the organ bath. By

Shme SAAE I O]

therough perfusion of the sensitized uteri until they were free of blood,

and by use of a nontoxic protein such as egg al>umin for the antigen,

61 P A

Dale was able to demcnstrate that the immediate reaction between antigen

i3

K103y Clviiirn 310 "’"

and antibody in the guinea pig tissue took place on the responsive
tissue and not in the blood, and that the anaphylactic reaction was not
simply an exaggeration of the toxic action of fresh sera. In this way,
he was able to give a better demonstration of tissue sensitization than
was Schultz, and placed Schultz's discovery om a firmer basis. Dale's

studies became the foundation for much of the experimental work dene in
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the field of anaphylaxis of isolated tissues, and established the virgin

guinea pig uterus as the tissue of choice of later workers in the field

of in vitro anaphylaxis.

in time, however, observations were reported on the use of
intestinal strips as the test tissue. Friedberger and Kumagai ﬂlll)
in 1914, apparently uraware of Schultz's work, used intestinal strips
from several species in tests for seasitivity, but obtained no clear-cut
responses. However, in 1916,Massini (112, 113) obtained definite in vitro
anaphylactic responses with intestinal strips from censitized guinea pigs.
A series of papers published between 1927 and 1930 by Kendall et al.

(114, 115, 116, 117) re-established tine use of intestinal strips for

demonstrating tissue anaphylaxis.

The Mechanism of Semsitization

Fundamentally, sensitization appears to be a process, related
to adsorption (118 - 125), by which one of the partmers of an
immunologically specific pair bacomes attached to a2 critical receptor
on a target cell. The weight of evidence is that the attachment is of
a vather restricted kind (121, 326, 127) and is usually limited to certain
classes of y-glotwlin molecules (126 - 131) or operational fragments
(132, 133). Practically, sensitization is recognized by a physiological
signal, often the release of histamine, whose intensity is a quantal
function (134, 100, 135, 121, 118, 122, 136, 119, 123, 124, 125) of the

immunological input as well as of the magnitu _ of the immunological
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stimulus (137, 125) eliciting the reaction.

The Anaphylactic Antibody. Evidence is accumulating that

o
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several species, including man, produce a specialized immunoglobulin

capable of sensitizing host tissues for systemic, local, and <n vitro
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anaphylactic reactions. This immunoglobulin, the anaphylactic antibody,

MG

can be defined as an antibcdy capable of combining with certain target
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cells, primarily tissue mast cells, so that subsequent contact with
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. antigen leads to alteration of these cells accompanied by release
of pharmacologic agents (138). The anaphylactic antibodies of a given

species appear to "fit" receptors (139, 140) on target cells of the

E % host and, in some instances, those of closely related species, but do

j % not “fit" receptors on cells of more distantly related species (141, 142).
; § In some instances, however, guinea pigs may be sensitized for anaphylactic
i— g reactions with antisera from heterologous species. This has been
'g . i demonstrated for antisera from rabbit, dog, monkey, and man (143).

; % Recent studies hiave shown that the yG antibedies of the respective species
g % are responsible for this cross~species sensitization (144), and that

these antibodies do not sensitize the tissues of the species of origin.

544 Yy

A ; Benacerraf has attributed this ability of certain heterologous YG
} ‘e antibodies to sensitize the guinea pig to the chance occurrence of a
: ]
3 I
E t site or configurstion on these gamma globulin molecules which "fits"
E i guinea pig mast cell receptors (138).
‘I
3 ¥ It is generally agreed that anaphylactic antibodies are capable
{
: .. § of sensitizing mast cells, although it is uncertain whether other
-
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cells are capable of being sensitized and subsequently responding to
antigen. Antigen-induced release of vasoactive substances from mast
cells sensitized with anaphylactic antibody does not require hemolytic
complement (145, 146). The process of releasing these substances appears
to be a physiological function (146, 147, 148) of mast cells involving

the action of one or more enzymes (149).

The Apaphylactic Antibody of the Guinea Pig. While studying

certain anti-hapten antibodies produced by hyperimmune guinea pigs,
Ovary and Benacerraf (150) noted that such antisera contained two
populations of precipating antibody directed against the same antigenic
determinant, but differed in their electrophoretic mobility. The
rapidly migrating antibody component was identified as y;, the more
slowly migrating component as y;. Both yy= and y,-globulin fractions
and purified y; and vy, anti-hapter antibodies, were tested for their
ability to sensitize perfused, chopped, well-washed normal guinea pig
lung tissue. Tissues sensitized to y;, but not tissues sensitized to v,
antibodies released histamine upon challenge with antigen. These
results and others suggest that a single type of y; antibody molecule

is responsible for mediatipg anaphylactic reactiorns in the guinea pig.

Rabbit Heterologous Seansitizing Antibody. Rabbit antibodies, in

small amounts, are capable of sensitizing the guinea pig for local
cutaneous and systemic anaphylaxis (126, 143). Specifically purified

rabbit 7S y, anti-hapten antibodies semsitize guinea pig skin for passive
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cutaneous anaphylaxis (144}, and sensitize chopped guinea pig lung

in vitro for antigen-induced histamine release (151), but fail to

sensitize the rabbis, itself 1144).
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Adsorption and 3ensitization. The relationship between the
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physical uptake of antibciy and the degree of sensitization has beern
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examined in various laboratsries (335, 121, 124, 125). The physical’

uptake appears te be indepondeat of the source of the antibody. When
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guirea pig mesentery, sensitized vith rabbit 75 y,, or sensitizing
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antibodies trom monkev, dog, or himar, war brought into contact with
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antigen in viiro or 1in vivo, mast sell degranvlation occurred (152).
Antisera from other 3pecies fzflea to wediate local. systemic, or

in vitro anaphylactis reactior in the guinea pig (126, 143).

et

Humphrey arnd Mota (126}, using il3l-labclled antibodiee, could detect

no gross difference vetween thosge avtibodies which sensitized and those
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which did not, either with cespart t¢ uptake on guinea pig mesantery

in viiro, cr retention in tissue aftcr uptake im vivo. Further, these
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authors showed by mzans uf labeiled zntigen that antibody adsorbed to
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guinea pig meseuntery could combize equally well with antigen, whether or
not the antibody csme from a spacies capable of gensitizing the guinea
pig for anaphylactic recctions. The=se findings support the statement

made earlier that sensitizatioa sppears vo require more than simple

1

adsorption of satibody to target celle end may iavolve the interaction
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) of specific configurations ocu certain an lbody molecules with limited
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or unrestricted sites on tasget cells. :
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This specific configuration on the antibody molecule, which

determines its sensitizing properties, resides in a particular segment
of the molecule. When rabbit anti-hapten antibodies are digested with
papain according to the method of Porter, three fragments are obtained:
Forter Fractions I and IZ, now called the Fab or antigen-binding

fragments; and Porter Traction III, now called the Fc-fragment. Of the
three. only the Fc~fragment has becr ghown to sensitize guinea pigs for

reverse passiwe reactions, indicating that the tissue-fixing site is

localized in this segment of the rabbit 75 y; molecule (132),

The physical binding of antibody to guinea pig ileum is not
influenced by tempevrature in the range 20 - 37°C (119). It is dependeat
only on the concentration of y-globulin in the bulk phase. The uptake
of radioiodinated antibody by strips of ileum (120) or chopped lung
{(121) at a constant temperature occurs very rapidly, the relation
between the concentration present in the bath and that adsorbed to the
tissue being described by a simple Langmuirian isotherm (120). The
pharmacological response (histamine release) also increases with the
concentration of antibody but in quite a different way (120), which
emphasizes that the degree of sensitization is not simply determined by

the antibody load physically adsorbed to the tissue.

The velocity of sensitization has been shown to depend on the
antibody concentration (123, 118) and temperature (119) and the degree
of sensitization at a constant time is usually chacterized by a positive

temperature coefficient.
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King #nd Fruncis (135) showed that a fast initial adsovrption of
radioiodinated anci-bovine serum albumin by guinea pig lung at 0°C wawr
followel by & slow uptake lasting for atout 48 hours. They resolved
the bound antibody into two compon~nis by elution. ¥While the adsorptien
of thz weakly combined £xaction was no*t significantiy aflfected by
temperature and ha¢ no effect on the subsequent binding of antigen, the
adsorption of the strosgly bLinding component w2s shown to be profoundly
influenced bty ¢emperature and was responsible for the interactiorn with

antigen, which occurred at a constant molar ratio of unity.

Verek, et al. (153) in their studies orn guinez pig cardiac
tissues showed that for these tissuves, also, the pnysical uptrake of
specific y-globulin by the tissue was determined by the concentration
of y-globulin in the bulk phasz, and thut the cuantities taker up from
solution at 32°C and 37°C appsrently were eGual. However, even thougn
the various cardiac cissues showed essentially no difference in the
physical uptske of antibody, when challenged with specific antigen
they released widely varying amounts of Liistamine. Moreover, the degree
and velocity of sensitizatrion were shown to be dependent on the
concentration of antibody and on the temperature, as weil as on the

proportion of speciric to noa-specific y-globulin molecules.

Feigen, et sl. {154) have recently reviewed the subject of
in vitro sensitization aad its dependence on temperature and antibedy

concentration. The velocity of sensitization is influenced initizlly
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by the time of contact between the reactants, the process becoming
independent of incubation time and continuing to completion after the
tissue has been removed from the antibody solution. When the incubation
time is constant, the rate of sensicization can be separately influenced
by the antibody concentration and the temperature. The velocity of reaction
reaches a maximum and becomes independent of antibody concentration. The
maximum velocity varies with temperature in a way dependent on the
activation energy of the system. The induction or "lag" period which
elapses between the passive transfer of antibodies and the time at which
a certain degree of reaction first becomes evident, is also a variable of

the antibody concentrstion and temperature.

It appears that the degree and velocity of sensitization can be
sufficiently caaracterized by three precisely defined variables if a fourth,
presently undeterminable, is kept constant. Given a set of constant
preadsorption conditinng,the velocity of the reaction, hence its outcome
at a given time, is predictable from the antibody concentration, the
ambient teuwperature, and the time of exposure. The overall degree of the
reaction appears tc be determined by the state of the tissue receptors as
influenced by the environmentul conditions prevailing during the
preparation of the tissue fcr the experiment as weil ac by those

zubient during the adsorption and the post-asdsorption phases.
Considering the overall thermal change it might have been

esxpected that the rcaction should have proceeded at a rate fastar than

that actually observed. The comparative slowness might suggest that
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binding takes place at specific regions of the celi, in a rery definite
molecular arrangement, and since the magnitude of the overt process
e 25 ie determined by the number of these activated cells, the rate would be

. limited by the probability of a mating in which a molecule -- or a aumber

of molecules —— can become attached to the cell in a useful way.

25,

3 It must be remembered that similar events may also take place on

the physiclogically inert structures and that the disjunction betwcen

A D

’”721 physical adsorption and fixation is not necessarily iu the character of

the surface reaction as it is in the events which succeed attachment.

Feigen, (154) has proposed a kinetic model which accounts
reasonably well for the salient features of sensitizatiom, particularly
the variacion of the lag period and velocity with concentration and
g. . temperature. Although it is a first approximation, it is able to

E- explain the lag period {as a result of the competitive kinetics of
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adsorption and desorption during the firet stage of the hypothetical

eaction sequence.

Asstming that the process of fixation is based on a mecharism
invelving a cell attachment of a highly restricted kind, and considering
that there may be relatively few useful configuratious for such an
attachment, or only a few molecules in a population capable of reacting,

' it is evident that the velocity with which the right number of crirical

attachmente <an be made would depend on the antibody load on a cell, and
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the number of critically reacting sites available. The kinetics and
equilibrium of such a resction have been described by the simple form
of the Langmuir theory: if there are S sites per cell of which a

fraction 6 1is occupied, the equilibrium reaction is

1

k.50 = kaS(l - )¢

d

in which € 1is the antibody councertration, ka and kd are the
rate constants for adsorption and desorptiop, respectively. The fraction
of the occupied sites will depend on the equilibrium constant and the

antibody concentration since

If the number of critically reacting sites, X, has to adsorb
a~+ibody in a particular way to form X* so that X* will liberate
histamire quantally when antigen is added, we see that the rate of the
reaction X ks X* can be made dependent upon the number of sites already
cccupied by antibody if the velocity censtant is a constant embodying

these characteristics.

Gathering these reactions into the form of a Michaelis-Menten

sequence

L3 k3 %
Ab + X F AbX ¥ AbX
k2

.
B R

e awrmsbreme & o ©




Wil

R AR AR

s 70 VLN

)f ) s s

E:
2]
4
3
<1
3

ey, W

e
Ve

SR

LR

TR fy

NNYAEN

106
in which k; = ka and kp =k, and Ab and X are the concentrations of
antibody, and critically reacting sites, respectively, and AbX that of
the reacted sites, the formation of critically reacted sites, AbX*, will
be limited by the amount of Ab adsorbed, aand its rate will be determined
by the antibody concentration; if the concentration of antibody iz low,
very little AbX would be formed and the rate of formation of Abx* mizht
be very slow. The lag period is probably the physinlogical manifestation
of these competitive kinetics; therefore, if the equilibrium constant
varies im the usual way with temperature, or if k3 is temperature-
dependent, the lag period, even at low antibody concentrations, will be

greatly shortened, and the amount of sensitization acheived in a given

time significantly enhanced by increasing the temperature.

Mechanism of Anaphylaxis in the Guinea Pig.

It is now known that the combination of antigen and antibody on,
in, or near certain cells starts a chain of reactions which culminates
in the release of pharmacologically active materials, and it is the
action of these matarials on the smooth muscle and other tissues which
produces the physiological symitoms of anaphylacrie shock (155). The
general picture of the mechanism of anaphylaxis that is emerging (149,

156) has been summarized by Boyd (77):

A number of pharmacologically active substances
may be released by the reaction. The relative roles of

these vascactive materials vary from one species fo
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another, depending on (i) the relative sensitivity
of the various animals to the different agents, (ii) the
abundance of the substances or their precursors in the
tissues. (ii{i® the location of the sensitive tissues
relative to the sites of antibody-antigen reaction,

and (iv) the types of antibodies involved.

In the guinea pig, <in vivo anaphylactic shock can exhibit
different courses depending on the route of the challenging antigen. If

the antigen is administered intravenously, dyspnea due to zcute bronchiolar

constriction is the predominant sign; at post-mortem examinatlon the lungs
are markedly distended and blecodless (157). That the lung is the "shock
organ” and the circulatory collapse secondary, is shown by the fact that
these same symptoms can be produced in vitro in the perfused guinea pig
iung {i07). If a iarge amount of the same arntigen is administered
subcutapeously or intraperitoneally, there results a protracted shock
which leads to death over several hours (158, 159). Post-mortem

examination implicates the atdominal viscera rather than the lungs.

The Role of Histamine. In 1932, Bartosch et al. (160)

demonstrated the antigen-induced release of histamine from sensitized,

perfused guinea pig lung, and in 1939, Code (161) detected the release

of histamine <n vivo during anaphylactic shock in the guinea pig. The
£ ; initial convicticn of many workers that histamine accounted for
virtually all the manifestations ¢f the anaphylactic reaction in the

guinea pig hae been supported by the finding that antihistaminics gave
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significant protection (162, 163, 164), and by the demonstration that

in vivo mast cell degranulation occurs during this reaction (165, 166).

The first indication that substances other than histamine might
be involved came from the observation of Kellaway and Trethewie in 1940
(167) that the effluent from perfused, shocked lung contained a slcw-
reacting substance, which Brocklehurst {168, 169) subsequently demonestrated
was registant to iphibition by antihistamines. The importance of this
substance (Slow-Reacting Substance-Anaphylaxis, or SRS-A) in guinea pig
anaphylaxis is difficult to estimate; the isolated guin=a pig bronchiole
is rather resistant to its action (170), but intravenous infusion of a
crude preparation does cause increased resistance of the lungs tc inflation

{171).

Campbell and Nicoll {17Z) reported in 1940 that anaphylaxis in
nonperfused, guinea pig lung produced a substance which, unlike
histamine or SRS-A, contracted the rat uterus. Recently, Brocklehurst
and Lahiri (173) have shown, in the guinea pig, that bradykinin is
produced %n vivo during anaphylactic shock, especially in the
protracted form; that a kinin-producing enzyme can be released in vitre,
by antigen, from perfused shocked guinea pig lung; and that in protracted
shock, the plasma substrate from which bradykinin is formed is depleted

(174).

Although Humphrey and Jaques (175) have demonstrated the

in vitro release of serotonin from guinea pig platelets by antigen-
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antibody interaction, they found no evidence that the absence of
platélets altered the picture of acute systemic anaphylaxis in this
species. The guinea pig bronchiole is moderately sensitive to this
amine (176), but .‘e concentration of serotonin in guinea pig lung is
negligible (177), and serotonin has not been detected in the effluent

from perfused shocked guinea pig lung (170).

In summary, present evidence suggests that the acute anaphylactic
reaction in the guinea pig which follows intravenous antigen is mediated
by the action of histamine and possibly SRS-A on the bromnchiocle.
Bradykinin may be implicated i the pretracted shock syndrome which

follows intraperitoneal antigen (149).

Some Factors Affecting Histamine Release.

Antigen Concentration. By studying the processes of sensitization

and histamine relesse, in vitro, the relationship between the degree of
sensitization and the dose of antigen used for challenge has been
clarified, thus resolving the conflicting results of Coulson (96, 97) and
Kabat (28, 99) mentioned earlier. Investigators using isolated systems
have found that if a larger dose of antibody is used to sensitize the
tissue, a smaller dose of antigen is subsequently required to produce

a reaction of a given magnitude (178, 179, 180, 135, 1i81).

Working with tissues sensitized to = standard degree, it has

been found that the magnitude of the anzphylactic response increases
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monotonically with increasing concentration of the challenging dose of
antigen until a maximum is reached; thereafter, the response may decline
s in severity with increasing antigen concentration. The increasing
. response with increasing antigen has been demonstrated in the case of
‘ the gut (137, 178, 120), in studies on guinea pig mast cells (165, 152),
and in the passive cutaneous anaphylaxis reaction (182, 183). 1In the
case where the antigen dose is very small, it is possible to produce
a2 subsequent reaction by additiomal challenges with antigen (182, 179,
i 184, 185, 155). Liacopoulos et al. (137) fcund that high antigen
concentration inhibited the Schultz-Dale reaction; the amount of

antigen required to inhibit the reaction increased as the amount of

e

antibody used to sensitize the tissue increased. By sensitizing the

"
(Y

tissues to two antigens simultanecusly, they showed that the inhibition

Y
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was not simply due to a lack of reactivity of the tissue. Inhibition by

AR
.
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high antigen doses was also found in the case of the guinez pig lumg by

§ i Brocklehurst et al. (121). Liacopoulos et al. (137) have suggested
% . that both 1low concentrations and very high concertrations of antigen
,i .g. react with tissue~fixed antibody to produce complexes which are

; % ' unsuitabie for the production of anaphylaxis.

: %

3 N Effect of Temperature. The observation that the amaphylactic
% g' release of histamine from guinez pig tissue (aorta) is influenced by
;i' é temperature was first made by Schild in 1939 (186). A detailed

'§ . study with lung tissue was carried out some years later by Mongar and

Schiid (187). Preheating lung tissue at temperatures g-eater
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than 42°C for 25 minutes prior to reacting the tissue with antigen at
37°C,greatly reduced the histamine release. The rate of heat iractivation
increased as the preheating temperature was elevated to 45°C. Inactivation
was permanent at 45°C, whereas preheating at 43°C,was followed by some
recovery on prolonged standing at 37°C. Mongar and Schild showed that the

inactivation was due to an effect on the tissue and not on the antibody.

When antigen was added to sensitized tissue at 17°C there was-
no histarmine release, but on warsming the reaction mixture to 37°C, the
histamine release varied wirh the duraticn of contact be.ween tissue and
antigen at 17°C. A contact perisd of 15 minutes at 17°C did not
diminigh histamine release on warming, wherezs a contact period of one

hour reduced the release by more than 820%.

These experiments demosstrated that: (i) the ansphylactic
release of histamine from guinea pig lung requires activation of 2
factor that is heat labile in the precursor state, and (ii) contact of
sensitized tissue amd zatigen 2t 17°C actimates z labile, temperzture-
dependent facter swhich, though unsble <o act at 17°C, is gradually

dissipated.

During these studies, Mongar and Schild {I87) sbserved maximsi
histamine release from geasitized iung tissus challenged at 40°C. From
their data of histzmine relezse in the range of 20°C to 40°C, they

calculated a Q;¢ of 12 for rhis process.
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Time Course of Histamine Release. The anaphylactic response of

VIR b
.

sersitized guinea pig tissues is characterized by a rapid liberation of

PPN

Mstaiine., Chakravarty and Uvnis (188), Austen and Brocklehurst (189),

und Austen and Humphrey (190}, have established this fact for guinea pig
B lung. The release frow chopped, sensitized lung tissue (189, 190) began
“ithin 10 to 15 seconds after addition of antigen, and two-thirds of the

total amount to be released was in the cupernatant by the end of the

R o e g

? firsc minute. Similar releare velocities have been reported by Mongar

and Schild (191) for guinea pig uterus and aorta. Nielsen and Feigen

(LIPS

(184) showed that the release of histamine from shocked ileal strips

P

PEERCN

-reached a maximum value in about 5 minutez after the challenge.

Other factors affecting histamine release have been studiad on
various guinea pig tissues and those of other species, but discussion
of these factors is not reievant to the present work. A thorough
review of these factors along with recent investigations inte the

mechanisms underiying anaphylactic histsmine release has been written

by Austen and Rumphrey (149).

Anaphylaxis in the Isolated Heart.

> it has beenm the general opinion that the circulatory irregularities
aszsocizted with fatal anaphylactic shock are secondary manifectations,
usually resulting from the asphyxia caused by bronchospasm. While this

% view, first proposed by Aver and Lewis (157) in 1910, is plausible in

TR

the case of the guinea pig, it cannot be held with equal strength iu the

case of the rabbit (192), or the dog (193, 194), neither of which dies
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of bronchoconstriction.

The first direct proof cof the invoiven. t of the heart itself as
¢ primary target organ in anaphylaxis is due to Cesaris-Demel (195) who,
in 1910, showed rhat isrlated hearts of immupized rabbits and guinea pigs
would react specifically to antigens used previously to sersitize the
intact animal. C=saris-Demel recognized the nonspecific effects of the
crude antigens he employed and therefore challenged his preparations with
doses below those producing nonspecifiz reactions and rechallenged the
tissue with the same doge to show that the organ had indeed been
desensitized. 1In contrast tn cthese early but excellently designed
studies, most of thoge made between 1912 and 1936 are difficult te
a2nalyze immunologica:ly because of the use of impure - and scmetines
bizarre - antigens which could have produced annnspecific reactions (196).
In addition, because of the ease with which tissue anaphylaxis zould be
demonstrated in the guinea pig gut (106) and uterus (107}, the techrically

more difficult procedure of cardiac anaphylaxis has been neglected,

Studies on the course of anaphylaxis in the isolated heart, made
in guinea pigs {195, i97, 198, 199), rabbits (195, 198, 199, 200, 20,
202), cats (199, 203)?°and rats (204), show that the severe disorganization
of the heart beat, suczeeding an effective dose of antigen, varies
qualitatively with the degree of immunization of the host. According to
the comparative studies of Ancdrus and Wilcox (199), the pattern of the
cardiac reaction to an effective dose of antigen, as well as to histamine,

in the case of the guinea pig and rabbit, is o' aracterized by an Increase
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in the ratc end amplitude of contraction, a delay in atrioventricular
conductinn, abnorualities of origin and spread of excitation in the
ventricles, and an acute raduction in the coronary flow. Thie pgralietism

between the effects of hiztamine and anaphylactic shock (202) has bein

A TS R A SRR B R A

shown in meny animals including the rat (20¢).

Feigen ¢t al. (70) later confirmed the results of vilcox and
Andrus (193). Using the isslated, perfused heart of the guinea pig
sensitized to ovaiouwmin, they noled *tha* antigeric challenge was
foilowed by an acceleration ir heart rate, an inerez<e in the zamplitude
of ¢/ mtraction, & decreage in c;ronary filow, and, in intense shiock, an
A-V conduction block. These same autChorse +:U), ki means o< nicroelectrode

techniques, alsd examin2d the effect ui <in vitrc anaphvicxis on the

exectrical axtivity of isclated gwinea pig c£trial tissue. Although the

ztriar tirsue was =timiclaced 9lecrrically at a rzte 2xceeding the natural
ttecouency of the pacemaker, satigen adminiutration initiated a new

Spontaneous rhythm which a¢ times progressed to fibrillation.

The perfusate obtained during the height of the anzphylactic
reaction in the isolated gzuinea pig hearc was shown to contain histamine
by biocassay and chromatcgraphic st=d; (70, 122). That histanine could be
released from guinea pig heart tissue by anaphylactic shock in ritvo
had beer demonstrated przviously by Sclild (186), whereas both 3iocklenhucst
(169), and Chakravarty (205), have observed SRS-A r2leage. The—e is no
evidence that serotorin cr acetylcholine are relensed during 73. viirce

anaphylaxis of the guinea pig heart. Siunc2 the changes iu rhythm,
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amplitude, or coronary flow characteristic of anaphylaxis in the perfusad
guinea pig heart or the isolatad atrial tigsue can be produced by
histamine alone, it has been proposed that this material is the primary

mediator (70, 198).

MATERIALS AND METHODS

Jemenologic Reagentg

Antigen. The antigen used for the immunization of rabbits and
Yor the <hallenge of sensitized guinea pig tissues was six~times
crystallized ovalbumin prepared according to the method of Rekwick and

Cannan (206).

Antibodg. Rabbit antibody was prepared against the ovalbumin
obtained as described above. The rabbits were given intravencus injections
of the antigen twice weekly for six weeks. On the ninth day following
the last injection, the rabbits were bled by cardiac puncture and the
plood allcwed to clot for several hours at room temperature fcllowed by
12 hourz ip the.cold. The antiserum was then separated from the clot,
and the y-globulin fraction precipitated by a three-fold treatment with
one~third saturated zmmonium sulfate. The precipitate was redissolved
in 17 saliuz and dialyzed againmnt saline until the dialysate was
sulfate-free. Such y-gilobulin preparations were stored in 10 ml serum

bottles at 20°C until use.
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The precipitating titer of these antibody preparaztions vas
measured using the oicro-precipitin method of Lanni (207). For the

work reported f{n these studies, the y-globulin fraction emploved had a

specific antibody content of 32%.

Other Reagents. B
Nutrient pedium. All of the work reported in this section was

performed on tissues surviving in Chenoweth's soletion (68) centaining

2 uyginl semicarbazide as a histaminase inhibitor.

Histamine Standards. Histasine standards were prepared frowm

histanine diphosphate (Nutritional Biochemicals, Cleveiand, Ohio}; a

stock solutfon of 1 x 10 ? ¥ was prepared in 1X szline and the standards

made by dilution.

Experimental Animals.

¥ormal male guirea pizs, ranging in weight from 300 to 700 gzra=s,
vere used in these studies. Actively sensitized guinea pigs were
prepared by two intraperitoneal injections of 20 =g of ovalbunin, given
on successive days; these anizals wer2 used within 1¥ to 5C days after
the second injectfon. Guinea pigs were passively sensitized fx vive
by an intraperitoneal injection of 2 mg of specificslly precipitable

antiovalbumin (y-globulin) given 12 hours prior to the experiment.

Preparation of Tissue.

The experiments foruing the basis of this section «¢ere nmade on

[ I . 0 . g M o T e
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whole hearts, lsolated atria and, in certsin cases, on minced cissue.
Regardless of the subsequent experimental maneuvers, all tissues were
prepared according to the gemeral procedure described in the "Materials

and Hethods® of pParc 1.

For the detemmination of the wet-to-dry weight ratios of atriza,
aortae,and ventricles, these tissues were surgically separzted froz whole
hearts prepared and equilibrated in the standard manner. The anaphylactic
histazine release of these three cardiac components was studied on tissues
cbtained in the same way and then minced into vessels containing

Chenoweth's solutiomn.

The bulk of the work reported in this section invoived the factors
affecting the anaphylactic histanine release from atrial tissue iw the
form of who.e atrial pairs, individual left and right atriz, and fraegoents
of left and right atria. Intact atrial pairs vere obtained frox whole
hearts of normal or sensitized animals, in the prescribed manpar. left
and right atria were surgically separated by dissecting the pair zbove
the ventricular septum, and atrisl fragments were prepared from these. In
ail of these stud‘es on atrial tissues, the individual atrfa, or portions
thereof, vere fitted with small loops of nylon thread st =ither end. One
loop was attached to the hook on the end of a glass rod. the other loop
¥as used to secure the tissue to the red. In this way, small pleces of
tissue could be readily maneuvered, and matched fragmenis fros the sace

heart could be kept track of.
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in ¥izro Sensitization. The effect of antigen concentraticm on

the release of histamine from isolated atria was studied on tissues

sensitized in vitrc by incubation in a 100 ug/ml solution of antiovalbumin

for 60 minutes at 37°C.

Challenge. Whole hearts were challenged by the administration of
a standard concentratiaa 3f artiger :into the main standpipe. Isclated

tissues wvere challenged by incubation for a standard tioce and temmeratuce

. in measured aliguots of antigen solution made up ip oxygenated Chenoweth's

solution containing 2 ug/nl semicarbazide. In the studies of the effect of
tezperature on atrial histazine release, seven temperatures were tested
simultaneously. A thermostatically-controlled water bath was set at one

of the seven temperaturss; incubation and challenge vessels contafning
antigen-free Chenoveth's or a solution of antigen in Chencweth's,
respectively, were fitted with polyethylere bubblers and placed in the
bath. The tissues, wounted on the glass rods, wers first placed in the

incubation solution, and then, at the preselected time, transferred tn

the challenge solucion.

The technique of superfusion was used i experiments designed to
follow the time-course of histamine release and to correlate this output
with functionzal events in the atria. By this metbod, it was possible to
control the perfusion rate of antigen apd 2z collect smajl easples of
perfusate, while recording the changes in smplitude and rate of atrial

contraction vhich occurred as s consequance of chalienge. The superfusing

fiuid was fivst passed through a sample varmer and then dripped over the
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atria at a known rate. aAtrial contractions vere recorded by means of
a8 Stathas G-78 transducer, Stathan G-18 control box, and a Dynograph
pen-writing oscillograph. Such preparations were quite stable and retained

701 of their arplitude after 10 hours at 27°C.

Estimatfon of Histamine.

The chemical estimation of histanmine as nmade in our lzberatory
conbines the procedure of Mcintire 2zt al. {208) for its separativn, with

that of Shore er ai. (209) for its flucrometric estimation.

The separation procedure (208) nakes use of the fact that
histacine can be driven into n-butanol frow an alkaline aquecus sclution,
and reversibly and specifically adsorbed onto a specially treated coluen
caterisl. Accordingly, aliquots of the igueocus supernatants or perfusates
fron the anaphylactic reaction systums were chaken with n-butancl and
the butanolic phase passed through ccluans packed with cetten-acid-
suyccinate (210, 123). The adsorbed histamine was liverated wicth 0.2 X HC]

and returned to the alkaifue state with 2 X XaOH.

The alkaline colum eluale was aseaved for histamine by the method
of Shore et al. (209) which depends on the reaction of histazine with
o-phthalzldehyde (GPT). The eluates were alloved ty react with the OPT
for 4 minutes, and the reaction stopped by addition of 3 ¥ ¥Ci. The
fluorescence intensity of the QPT~histacine flucrophore vas neasured
on a Turner Model 111 Fluorosete: {G. K. Turner Assocliates, Palc Alto.

California), using an excitation wavelength of 330 =., and an enission
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vavelength of 450 mu. Standardization functfons were linear bdetveen
5x 167 and 3 x 10 ¢ ¥ histenine. Histzmine determinetions are
expressed either as noles per gram of fresh tissue, or as moles per

graz of tissue dried te constant weight at 103°C.

RESULTS

ihe Distribution of Histanmine in the Cardiac Tissues of the Guinea Pig.

Studies were nade to determine the weight-fractions of the major
cozponents of the guinea pig heart, and the contribution by these separate

tissues to the overall anaphylactiz histva=nine release of the uhole hearz.

Cozposition of a "Standard” Heart. Uhole hearts, prepared in the

usual way and perfused with Chenoweth's solution until free of blood, vers
dissected inte three components: ghe aorvic stusp, the atris, and the
ventricles. These tissuee ware blotted gently on filter paper, placed in
tared weighing bottles and their wet weights umeasured immediately. The
botties were then placed in an oven at 1U5°C and the tissuye dried to 3
constant weight. The ratics of wet-to-dry weights are given in Table IV.
‘The dry weights were also used to determine the relative composition of

a "standard” dry heart by calculating the weight~fraction of each of the

three components (Tanvle iV).

Distribution of Anaphrlacticaliy Released Histamine. Measurenents

of anaphylactically releasable histamine were zade on the separated

tissues from hearts of 12 actively iomunized guinea pige. The hearts

B RN
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vere first perfused and the atria, acrtae, and ventricles then dissected,
and separately minced into vessels containing oxygenated Chenoweth's
solutfon. The tissues were challenged by incubation for 15 ninutes

at 37°C in a 1.0 =g/nl sclution of ovalbumin. The solutions were

filtered, an aliquot saved for histamine analysis, and the tissue fragments
dried te constant welght. The =s2an values for anaghylactically releasable
histamine, given in Table IV, show that the atria, which comprised

only 122 of the dry weight of the wvhole heart, accounted for about 53I of

the histamine released during anaphylaxis of the intact organ.

The Distribution of Histamine in the Guinea Pig Airia.

Since s number vf the projected investigatioms invelviag the
anaphylactic release of histarcine required that control tissues be run
sizultansousiy witit the rest tissues, the atria appeared to be fdeal since
cne atrium could b used as a control for the othes. ¥For this reason, a
cocparative study wass made to determine the propertiss of the two atriz

vith respect ro their anaphylactic release of histanmine.

The Anaphylactically Releasable Histazine of the Left and Right

Atria. The atria froo 2% actively sensirizcd guinea pias were prepared
in the usuval way. surgically separated, and the twe halves treated
identically. After a J0 ninute incubatfon in oxyvgenated Chenoveth's
solution at 37°C, the atria were challenged at the same tecperature

for 10 minutes in a 0.1 mg/ml sclution of ovaibumin. The tissues vere
saved for dry weight detz=rminations, and the supernatants chemicaliy

assayed for histamine. Table V, which presents the results of these
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TABLE

*
Comparison of Anaphylactic Histamine Release by Left and Right Atrfia

Number of Mean Anaphylarsriczlly Released Histamine** Ratto

Hearts Holes/gran dry tissue (x 10 7) Left/Right
Left Right
& 2.97 5.78 ¢.52
6 3.17 7.01 0.47
6 1.86 4.15 0.45
4 3.43 5.93 0.58
3 2.35 £,70 0.50

Mean Ratic: §.50

——

Std. Error: + 0.03

*
All tissue actively sensitized
E 2 3
"Anaphylactically Released Histamine™ represents the histanine
released by a 10 minute challenge with 0.1 =g/ml ovalbumin at
2y¢r
b2 1 4

All statistics performed on logyg data; antilog data given
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studies, grouped by experiment, shows that twe right atztan, In regpoase
to the specific sensitfrzipg antigen, reieased tvice 29 much histemine as

did the left atrium challensyd under fdentical conditiouns.

The following experimeats were designed to determine if this
large discrepancy in the anaphylactic histamine release betwveen the two
atria could be accounted for simply by a difference in their stores of

readily releasable materisl.

The Total Releasabie Histamine of the Left and Right Atria. For
these purposcs, the “total releasable histanine” was defined as the sun of
the histsmine released by specific antigen and that subsegquentlv released
by acid extraction. Because of the unphysiological nature of the acid
treatzent, it was first necessary toe investigate the temperature

dependence of this extraction procedure.

Atria, obtained from seven normal guinea pigs, were incubated
for 30 minutes i{n 0.8]1 ¥ HCl at one of seven temperatures between 25 and
46°C, and the incubation solutions analyzed fer hiszamime. Figure 20,
which presents the results of these extractions, shows that this
procedure is highly tenperature-dependent with opticsun histamine release
occurring at 40°C. In further tests, a total of six avria extracted at
37°C averaged 16.6 x 107 =moles of histamine released per gram éry

tissue. The succesding acid extractions were done at this texperature.
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Figure 29.

The effect of temperature on the release of
histaxine from normal atris .y acid. Each
tissue fincubated for 30 minutes in 0.01 K

HC1 at the temperature shown.
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The total releasable histamine of the right and left atria was
studied in five experiments, cn seven watched atrial pairs per
experiment. by sequentially releasing the histamine first in the presence
of antigen, and then in the presence of acid. The separated atria,
obtsined from guinea pigs passively sensitized with antiovalbumin, were
first challenged for 10 minutes at 37°C in a 0.1 2g/ml solutior of
ovalbumin, and then transferred to a solution of 0.01 X HC1 at 37°C
for a 30 minute acid extraction. The results of the cheaical histamine
analyses of these two solutions, given in Table VI, show that the right
atriun released cver 401 vore histamine per unit dry weight than did the

left atrium, confirming the results of Zilletti, et «i. (210).

Thus, although the anaphylactic histamine release of the left
atrivm is cnly 50X that of the right atriuzm (Table V), this discrepancy
cannot he fully accounted for sieply by a difference in the mcbilizable

stores of the material in the two tissues.
Several experiments wvere perforzed to determine if a correspondence
could be established between the greater histanine release of the right

atrium and the existence in that tissue of the sino-atrial ncde.

Intra-Atrial Variaticons in Histanine Release. Right atria were

obtained from guinea pigs actively sensitized to ovalbumin. Each right
atrium vas dissected by a ventral to dorsal cut, circumventing the
vena caval orifice in such 2 way that the region thought to contain

the pacexmaker rezained with the sa»e half each time. The matching

A M O N ST D B P e AR PRSI DA SR
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TABLE VI

Comparison of the Total Releasable Histamine of

*
Left and Right Atria

—— ——

Number of Hean Total Releasable ﬁistanine** Ratic
Hearts ¥oles/gran dry Tissue (x 10 7) Right/teft
Left -Righ:

7 %.10 11.36 1.25

7 9.74 1&£.13 1.45

7 10.32 16.24 1.57

7 11.95 18.43 1.54

7 11.69 15.14 1.30

Mean ratio:  1.48***

Std. Error: + 0.09

951 Confidence Interval: 1.27 - 1.63

All tissue passively sensitized

*
"Total releasable histamine" represents the sum of histazmine
rel-ased by anaphylaxis and that subsequently released by
acid extraction (0.01 X HC1, 30 =minutes, 37°C).

rRR
All statistics performed on log;¢ data; antilog dats given.
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. halves of each atrium were then labelled, placed in separate vessels

4 of Chenoweth's solution, and incubated at 37°C for 30 wminutes. At

| this tfme the tissues were visually checked for mechanical activity; atria
were selected for testing i{f one-half showed strong activity vwhile

the other half did not beat at all. Mechanical activity was thus

used as evidence that the atrial fragment contained active pacemaker

tissue.

These matched, right atrial fragwents were then challenged for
10 eminutes at 27°C with a 0.1 mg/nl solution of ovaldbumin; the tissues

. vere saved for dry wveight detersinations, and the supernatants assayed

~ %1

for histamine. Table VII-A which presents data for 8 smatched, right
atrial fragsents, shows that the portion retaining active nodal
tissue released 37X more histarine than did the inactive half. On

the other hand, Table VII-B shows that there vay essentially no

o 11 14 A OO, g b

difference betwesen the histamine release of left atrial fragwents

E: prepared and tested in precisely the save way.

Although this examinsticn of the variations in histamine release

of the cardiac tissues e=ghasized the large differences in the

N o T e o Y

histamine-releasing properties of the right and left astria, it also

P

. shoved convincingly that atrial tissue was a convenient and reliable

el
33ty

scurce of copious anaphylactic histamine release. Accordingly. the

Aot o0

ensuing investigaticns into the effects of antigen concentration and

i . temperature on the magnitude and rate of this reiesse vere sade on

intact atrial pairs.
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TABLE VI1
®
Intra-Atrial Variations ip Anaphylactic Histamine Releage

A. RIGHT ATRILM

FRAGHENT ) FRAGMENRT 2
Histamine Release Mechanical Histamiane Release ‘lechanical Ratio
(zoles/grax dry Activity (coles/gram _dry Acrivity 1:2
~issue x 10 ) tissue x 10 7}
3.07 ¢ 4.19 + 0.73
5.31 0 7.21 + 0.74
3.5¢ Q 4,83 + G.74
2.06 0 2.81 + 0.73
1.42 0 1.93 + 0.76
2,46 0 3.49 + 0.70
4.87 0 6.60 + 0.74
1.68 o 2.27 + 0.74
Mean ratio = .73
S5td. error = + 0.C05
B. LEFT ATRIUM
FRAGUENT 1 FRAGIMINT 2
ilistanine Release Histanine Release
{=oles/gran dry (zeles/gran dry Ratio
tissue x 10 7) tissue x 107 7) 1:2
2.89 3.60 0.80
3.13 2.44 1.28
3.7C 3.42 1.08
4,58 4.59 1.00
4.09 5.39 0.76
2.69 2.43 1.1}
3.95 4.90 g.80
1.60 1.86 0.86
3.15 3.01 1.05

Mean ratio = G, 97 aa
Std. error = + (.06

All tisgsue actively sensitized teo ovalbumin; "anaphylactic histamine
release” represents the histamine released by a 10 ninute challenge

wvith 0.1 mg/ml ovalbumin at 37°C.

73
Calculated by the "range method™.
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The Effect of Antigen Concentracienm om Atrial Histamine Release.

Actively Sensitized Tissue. Wheole atria. obtained from 8 actively

sensitized guinea pigs, were challenged at 37°C for 10 minutes in a
solution of ovalbumin at a concentration of 0.001, 0.01, 0.1, or 1.0 ng/=al.
Figure 21 shous the average histanine release for the two atrial pairs

tested at each concentratfon (filled triangles).

In Vitro Sensitized Tissue. The second curve of Figure 21

(filled circles) demonstrates the variatiors of atrial histamine
release with antigen, for concentrations covering 5 orders of magnitude.
Theze 18 atria were passively sensitized in viiro by incubation for one
hour at 37°C in a 100 ug/ml solution of antiovalbuzmin. Each tissue

was then challenged for 10 =minutes at the same teeperature in one of

18 concentrations of ovalbumin ranging from 0.044 ug/=1 to 303 ug/ai.

The Effect of Temperature on Atrial Histamine Relcase.

The following studies were made for the purpose of determsining
the shape of the curve of anaphylactic histasine release as z function
of temperature. This information was then used to estimate the

overall activation energy of the process.

Tine-Course of Histamine Release. Preliminary experiments vere

made to determine the profile of histanine output following challenge
at various temperatures so as to set the limits of time necessary for
the collection of representative samples. Figare 22 shows the histanmine

release profiles of two actively sensitized atria, challenged at 27°C

. «
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Figure 21. The effect of antiger conceatrstion on the

anaphylactic release cf histamine from

actively sensitized (H). and
in vitro sensitized (H ), guines

pig atria. Challenge temperature, 37°C.
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Time-course of anaphylaxis in isolated,
actively sensitized atriz: histamine release,
and rate and amplitude of contraction as a

function of time after challenge at two

tesperatures {(31°C O—-O, 27’CH) .
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or 31°C by the superfusfon of 0.1% ovalbumin at the rate of 5 ml/minute,
In both cases the iate and amplitude of the spontaneously beating atria
were increased, the onset of these effects being earlier and the
duration longer at the higher temperature. Also, in both cases, the
histamine output reached 3 padizmum value 1.5 minutes after the challenge
perfusion was begun. At the higher temperature, the total output was

about four times as great as it was at 27°C.

Temperature Optimum. The temperature optimum of the anaphylactic

release of histamine was studied on atria from the hearts of actively
and passively sensitized guinea pigs. The experiment was begun by
preconditioning the tissues for 10 minutes in i0 ol of antigen-free
mediun at 25, 30, 33, 37, 40, or 46°C. Each atrial preparation was
then challenged at its respective temperature for 10 minutes in 10 m=i

of 0.01% ovalbumin.

The e¢ffect of temperatuxe on the anaphylactic release of histanine
is presented in Figure 23, which gives the means and standard errors
of 5 expericents nade on actively sensitized, and of 4 experiments on
passively sensitized tissues. In both cases the tezperature optimun is
35.6°C. Except for the fact that the histamine release at the maximu=
is about 40% greater in the actively sensitized atria, the temperature
curves of the two #¥stems are essentfally identical. The rising slopes
have an upward concavity and the descending siopes are almost linear
and much steeper than the ascending functions. From inese experiments,

it appears that the effective range for the anaphylactic releage of
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Figure 23, The effect of temperature on the anaphylactic
FRE: release of histamine from actively (H).

.. and passively H sensitized atria.

Incubation (10 min) and challenge (10 =:in)
carried out at temperature shown. Error bars

indicate + 2 x standard error of the mean.
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Temperature (°C)
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histamine lies between the limits of 2& ~ 44°C.

The shape of the temperature curves presented in Figure 23
suggests that these functions are actually the outcome of two competing
effects of temperature on the processes responsible for histaméine
release. One effect, that predominates at the lover temperatures, has
a positive temperature coefficient; the other effect has a negative
coeificient and is responsibie for the rapid fall off at higher
tenperatures. The curves shown in Figure 24 further emphasize this
dichotomy, and demonstrate that, while the positive coefficient
effect is reversidle, the higher tesperature effect is not. The lower
cuxve {(filled circles), repeated from Figure 23, represents the histamine
released by actively sensitized tissues incubated and challenged at
the sawe temperature. The upper curve, hiwever, presents the effects
of temperature on the histamine relessz by tissues incubated at the
tesperature shown, but challenged at 37°C. The fact that the curves
are nearly the same at the higher tesperatures indicates that the
effect of incubaticn at these terperatures {s not revzrsed by challenging
at a lower temperature (37°C). However, the diminished release from the
tissues incubated at the lower tewperatures is reversible as evidenced

by the augmented cutput cbtained by challenging at 37°C.

Activation Energy. An 2stimate of the overall activation energy

of histamine release was calculated by applying the Arrhenius equation

to the rising iimb of the temperature function for actively sensitized

tissues extibited in Figure 23.

)
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Figure 2¢.

The effect of temperature on the anaphylactic
release of histanine from actively sensitized
atria. Incubation and challenge at the

temperature shown (H); incubation at

the temperature shown, challenge at 37°C

y —

140




141

et

l

\ ]

|

] i
36 40
Temperature (*C)

i
32

1
28

=
o

<

(e} Ee_u!oé obuey

Q
]

oY) AQ pesDejey SUIWOISIY

°
o

1.0

48

4

OZO 24




= R R e i Ty« LN M T AR T ae e T
- L e e e I T v 6 ¢ TR WS R I AT N eI TS RTINS e
ot e oo el e R S T

142
Arrhenfus (211) found that the velocity of a chemical reaction

could be related tc the temperature by

AE

dlnk _a. (1)
dT RTZ

This equa2zfon can pe ifntegrated to yield a more useful form relating

the activation energy and the rate constants at two texperatures:

®;i 2.303 R o §°

log (2)
vhere

L= activation energy {(calories/mole)

R = universal gas constant (i.987 caizrvies/maie/®K)
T; = sbsolute temperature (°K) zt which che rate constant,

ki, was aeasured.

T; = absolute temperature (°K) at vhich the rate constant,

k2

ral

was measured.

The activation energy, Ea' represents the energy that a mole of the
reactant must have before a reacticn is possible. Graphically, the
activation energy is the slope of the line relating the legarithm of the

specific resction rate to the reciprocal of the absclute temperature.

For the present purpcses, the zagnitude of the histamine release,
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measured over a constant interval of time, can be used as an indication

of the reaction rate, and an Arrhenius functfon can be obtained by

plotting the logarithms of the histamine release at various temperatures

' &3 & function of the reciprocal of the absolute temperature (Figure 25).
When two values of histawine relesse and their corresponding values of
absolute temperature are obtained from the negative-slope pertion of
Figure 25 and substituted into equation (2), a value of 34.25 kcal/mole
i calculated for the overall activation energy of histamine release

from atrial tissue.

MYy 7/

DISCUSSION

Histamine Reiease from Cardiac Tissues

The contribution of anaphyiacticzlly released histamine by the
; separate cardiac tissues to the overall release by the whole heart can

readily be assessed. According tc Table IV, one gram of wheole dxy

O TRANG Crach, A

heart is composed of 118 mg of atrial, &2 mg of acrtic, and 820 =g

VE of ventriculsr tissue (11.8, 6.2, and 82Z, respectively). Muitiplying
| % the histamine release for each tissue by its percentage dy weight of
é the whole hesrt, we cbtain the reiative contridbution of that tissue
»% to anaphylactic relesse by cre graz of dried whole heart. The results
% < of these calculations, seen in Table IV, show that the atpia, vhich
3 5 copprise only 121 of the dry weizht of the heart, contribute over half of

the histamine released duriag cardisc snaphylaxis.

N

IAR 2 O

e - o e -
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Pigure 25. Dependence of the logarithm of hista=zine
release on the reciprocal of absclute
temperature. FData of Figure 23. Ea

represents the overall activation energy of

anaphylactic histamine release from the atria.
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Hietamine Release from Atrial Tissue

The left and right atria, however, differ greatly in their histamine
releasing properties. The data of Table V fllustrate that when
left and right atria from the same heart are sensit‘zed and challenged
in an {dentical manner, the right strium releases tvice as much
histamine as does the left atrium, Such a discrepancy between these
two simflar tissues could arise as a result of differences in (§)
degree of sensitization; (ii) one or more of the complicated series
of events, triggered by the union of antigen and antibody, which lead
tn the release of histamine fronm prefor=zed stores; (iii) the amount of
mobilfzable material in these stores; cr {iv} some combinatior of

these factors.

The experimente summarized in Table VI demonstrate that a part of
the greater release of histamine by the right atriuz can be accounted
for by a larger store of readily releasshie material in that tissue.
3y first reieasing histamine from left and right stria anaphylactically,
and then by mild treatzent with acid, we found that the right atrius

contained 40 core histamine in a readily mobilizable fors,

However, this does not account entirely for the greater release

by the right atrium. From Table VI, : see that

Ltotal = 0.70 Rtotal; 3)
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table V ghows thdt

- 0. 4
Lanaph. 0.50 Ranaph.’ (4)

n which Ltotal and Rtotal represent the total relessable histamine,

and Lauaph. ?nd Ranaph.’ the anaphylactically releasable material,

of the left and right atrium, respectively. Dividing eguatiun (&) by

equation (3}, we obtain that

Lanqgh. - 0.50 Ranayh.. (5)
Ltotal 0.70 Rtotal

or
1 K
anaph. _ , ;, .ao2ph. , (6)
Ltotal total

vhich 3tates that, even if we correct for the difference in the amount
of histanine available for release by expressing the anaphylactic
telease per unit of total releasable histamine, the right atrium stil}
releases 401 more histamine than does the left atrium. The right atriu-
not only coxtaine a largor etore of mobiltzable higstamine, but it
releases a greater percentage ¢f this store wvhen challengad vith

specific antigen.

That at least part of the greater anaphylactic histamine release
of the right atriux i{s due to the sinc-atrial rode in that tissue is

shiown by the 4ata of Table V¥Il. ihen rigint atria, from actively
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sensitized guinea pigs, were divided into two segments, the segment
exhibiting mechanfcal activity released 37X core histamine when
challenged with specific antigen, than the segaent showing no activity.
iIf mechanical activity in an atrial fragmeat {ndicates the presence

of viable, active nodal tissue, then the abuve result is circumstantial
evidence that this ncdal tissue is, at least, partly responsible for
the greater histamine relesse of the intact right atrium, compared to

that of che left atriua.

Factors Affecting Atrial Histamine Release

Antigen Concentratfon. The concentration of antigen used to

challenge sensitized tissue {5 a determinant of the amount of hisztamine
subsequently released. Figure 21 shows this to beé true both for
actively sensitized and {n vitro sensitized guinea pig atria. These
resuits dezonstrate, iu both instances, an increase of histaaine cutput
with increasing antigen concentration and indicate tnat, at the levels
of antigen employed, meither system was subjected to antigen concen-
trations high enough to ichibit histamine release. Analysis of the
reaction solutions showed that detectable amounts of histazmine were
released from » vitrc seasitized atris by concentrations of ovalbuzin
as low as 0.086 ug/ml, and that maxizum release occurred bdetveen

concentrations of 20 and 106 ug/ai of antigen.

Tize-Course of Histamine Release. Our studies {llusirate the

explosive nature of the anaphylactic release of histasine froz atrizl
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tissue. This relsase obtained its maximum rate at 1.3 minutes following
challenge, and was virtsally cooplete within 7 minutes (Figure 22).
Therefore, a 10 minute challenge reaction was considered to be sufficient
to provide for complete recovery of the released histamine with a
sinizun of enzymatic destruction. The general shape of this release
profile and the time of caximun rate of reieagse are in good agree=ent
with the results reported by Feligen,et al. (212) for the release of

higtanine fron sensitized wvhole hearts.

The upper curves of Figure 22, those showing the changes {n rate
and asplitude of contraction following challenge, show a time-course
which corresponds clcsely with that of the release curve. This lends
support to the acecepted nution that the mechanical ziterations subsequent
to anapirylaxis in the heart are a result of the releate of nistanine

fron cardiac tissues.

Effect of Texmperature. The curves of histazine release as a

function of ‘ncubation-chalienge temperature (Figure 23) confin: the
results of Mongar and Schild (187}, who found that the relcase of
histazine from guinea pig lung was zero at 15°C, rose to a maximum
between 40 and 41°C, and fell abruptly te zero again at 44 to 45°C. These
functions, dencribed by a gradual, monotopic actfvation at the lowver
tezperatures, and a rapid inactivation at texperatures above the optimuz,
resenhie the rate curve of an enzyme reaction. The rate of such a
reaction at a given temperature is the resultant of tvo competing

processes: (i) the increase in reaction rate with increasing temperature
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due to the additional kinetic energy of the molecules of the reactasts;
and (1i) the decrease in reaction rate, above a2 certain temperature, due

to denaturation of the protein enzymes.

Our results {(Figure 23) show that imcubating atrial tissue for
10 minutes at 43°C reduces the subsequent histamine release at that
tezperature to 402 of maxizum, while 2 10 minute fncubation at 45°C
complately abolishes histamine release. Figure 24 demonstrates that this
peat inactivation i{s not readily reversible: challenging the tissuves at
27°C afcer the 10 =inute incubatfon at 43 or 45°C does not increase
the histanine output. Mongar and Schild (187) found that sensi{tized
. ‘inea pig uterus, incubated at 45°C for 5 minutes and then challenged
3t 37°C, failed te give a Schultz-Dale reaction, but responded to
histaxine. Simflarly, sensitized guinea pig lung failed to release
histanmine in response to antigen after a 5 =fnutes incubation at 45°C,

although its oxygen consuzption was unchanged.

These authors postulated that the anaphylactic reaction depends

on a heat-labile factor, and proceeded tc study the sature of this
actor by the technique of passive in riirc sensitization. When they
sensitized lung tissve with antibody which had been preheated o 45°C,
they observed normal seasitizatien; howvever, when norcal antibody
was incubated with lung tissue previously heated to 43°C, no
sensitization occurred. These results dezonst.ated that the putative
heat-labile factor wz2s not the antibedy, but a comstituent of normal

tissue, and supperted the idea that this factor was an enzyse or enzysze
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- precursor requized for the anaphylactic mechaniss.

This idea of a heat lsbile enzyme¢ {8 an integral part of a
general schenme for the anaphylactic release of histamine, preposed by
¥ongar and Schild (139). 7his scheze is based on the theory that the
union of antigen with cell-bound antibody results in the activation of
an enzym€ systen, required for histeaine release, which is short-iived
and rapidly f{nactivated. The active enzyme, vhich acts in some way
to release histamine, is formed by the acticn of the antigen-antidody

reaction on the inactive enzyme precursur, which is the heat labile

factor postulated above. Mongar and Schild (139) represented this schese
diagramatically as follows:

3 {Celi-fixed antibody + intigen]

3 .
; ++
"8 Inactivation ~w==-~ - == Epzyme precursor + Ca
: by heat

o
Inactivated &€ Active Enzywe
E enzyse (short iived)

E . inkibicion by cold?~=mmoam—= = - 4

42y

Bound histanine
(=3t cell granules)

|

Free histazine

v

Ry

4 +

F: Husclie cell

-8
5 l
- "

Observed anaphylactic resction
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The nechanism of inhibition of anaphylaxis by cooling is different
from that of warming in that cooling has no permanent effect (187). A
sensitized tissue which is cooled and then returned to 37°C responds
normally to antigen (Figure 24). Although the tissues incubated and
challenged at temperatures below 37°C show decreased histamine output,
the tissuves incubated at these lower temperatures, but challenged at
37°C, show a histamine release equal to, or higher than, that of tissues
incubated and challenged at 37°C. Mcngar and Schild (187) found that at
17°C, histazine release from sensitized lung was completely i{nhibited,
but dezensitization was not completely inhibited. When the tissue wvas
rewarced to 37°C, a reduced histamine release occurred due to the
partial desensitization. 1In terss of their hypothesis of temporary
activation of an enzyme systen, this effect of low temperature could be
explained. At 17°C, the rate of forzation and destructicn of the enzyze
was diminished, but not cozpletely inhibited, while the action of the
enzyse was co=pletely prevented. This resulted in a complete inhidbiticn
of histazine release at that tesperature and a dizminished release after
revarming, since, by then, some of the activated enzyme had been
inactivated. This proposal would place the location of inhibition by

cold at sooe later stage in the reaction scheme shown above.

Activation Energy. The activaticn energy can be calculated froz

the increase of histazine reiease by antigen with increased tesperature.
Figure 25 shows an Arrhenius plot of the data presented in Figure 23
for the release of histamine by actively sensfitized atrial tissue at

variocus tezperatuzes. Plotting the logarithz of histamine release as

»
s
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a function of the reciprecal of the absolute temperature according to the
form of the Arrhenfus equation, linearizes the activation curve (now on
the right in Figure 25) and the inactivation curve. By selecting two
values of temperature and their corresponding values of histamine release
from the activation side of Figure 25, and substituting them into the
Arrhenius equation {eguation (2)], we calculate an activation energy

for the anaphylactic release of histamine from atriai tissue of 34.25 kcal.

Thia can be compared with the accepted value of 45 kcal calculated
by Mongar and Schild (187) for histamine release from guinea pig lung.
However, these authors cbtained this value for the activation energy by
first determining the Q5 of activation, and then substituting their
value of the Q)9 (nearly 12) into the Arrhenius equation. The (,, of a
non-linear function is a gross estimate of the energies involved. It is
far wore accurate to transform the data into the form of the Arrhenius
plet and use the Arrhenius equation directly. 1If the data which Mongar
and Schild used for their Q;y calculation (187) are repiotted according
to this methed, we obtain a curve which closely resembles our Arrhenius
plot of atrial histanine release (Figure 26). From _his function we
calculate an activation energy for the histanmine release froe lung
tissue of 34.1 kcal which {s virtually identical with the 34.25 kcal

activation enargy for atrial histamine release.

The Arrhenius equation can alsc be zpplied to the left-hand portion
of the curves of Figure 26 in order to calculate 2 value for the energy

of inactivation of histamine relsase. When this {s done, 2 value of

e s o e D

e - A e
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Dependence of the logarithn of histanine

release on the reciprocal of absolute texperature.
A coxparison of two values for the cverall
activation energy (Ea) of anaphylactic histazine

relexse.




155

1O

~@-@ SUIWDIIIH B|qOSDRIOY %
l — ] ] 1 i

340

3.20% (XY x10°* 330

_
0 0 08 6 4 2 ....
< ~N -

100
8or-
60~

310

e




156
about 190 kcal is obtained. This is of the same order as {nacti{vation
energies of protein denaturation found for egg albumin, 136 kcal (213),

and goat serum cozplement, 199 kcal (214), and other proteins (215).

The value of 34 kcal obtained for anaphylactic histamine release
is likely to finclude, in addition to the activation energy of the enzymatic
histazine releasing sysctes on subcellular particles, the activation energies
of antigen-antibody reactions, and, perhaps, the activation energy of
sensitization. In an attezpt to determine specifically the activation
energy of histazine release, alcne, Vurek, ¢t qil. (153) =easured the
initial velocity of histamine release from in viirc sensitized guinea
pig atria at 3 temperatures, under conditions in which only the
challenge step vas a variable of temperature. They felt that this
approach was justified in light of the general schema proposed by
Hoangar and Schild (139), {n which the immediate consequence of the
antigen-antibody reaction on the cell surface is the activation of a
short-lived thermolabile enzyme which releases histazine from its
bound form. If, then, under controlled conditions, histamine release
is raker a3 an index of the nagnitude of anaphylaxis, the velocity
of the output should be proportional to the nusber of sites on sub-
ceilular particles reacting with the enzyme per unit tize: hence, the
variation fin the initial release velocity with tezperature ought to
provide a2 reascnable wmeasure of the activation energy. Accordingly,
using chis technique, Vurek, ¢t al. arrived at a value of 23.2 kcal as

an estimate of the activation energy for the relecase of histazmine,

- B . o . - -
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considerably lower than the value of 34 kcal obtained for the overall

process.

It is interesting to speculate oa what factors accoumt for the
11 kcal difference betveen the value of 34.2 kcal for the overall
process of anaphylactic histamine release, and the value of 23.Z kcal
for the actual rele=ase of histamine. It may be significant that
Feligen ¢t al. (154), using the method of passive in vitro sensitization,
found a value of about 12 kcal for the activation enersv of

sensitization.

-~ —— -
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PART II1. Contribution of Anaphylaxis to the Overail

Cardiotoxicity of Streptolysin O
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* INTRODICTION

The main thesis underlying the experimental studies vhich form
the basis of this work has been that the cardiotoxic action of
streptolysin O may be aggravated by the presence of speciffc antibodies
in the haart. Part I of this work has established the nature and site
of the defect in the normal heart insulted with active toxir. This
showed that the early, reversible, physiological changes can be
quantitatively accounted for by the release of acetylcholire, whereas
the later irreversible changes, occurred because of a defect in the

atrio-ventricular conduction systes.

Iz Part 11 there were examined the rules of quantitative cardiac
snsphylaxis in the guinea pig showing that the process was texperature-
dependent and that {t was owed in great part to the release of histamine.
The richest source of histamine was found in the right atrium and, by the
method of residue, in the region of the sino~atrial ncde. Thus Part Il
showed that the atrium was 3 reliable test tissue for the subsequent

investigation of the possible anaphylactic properties of the toxin.

Based on the fact that the toxin liberates acetylcholine, sut gererts,
and that the ansphylactic reaction iiherates histamine, the hypothesis
was =ade that challenge of sensitized hearts by active toxin should result
in the production of both materials. In the expericents which 1ollow {t
will be eztablished that the usual manifestations of cardiac ausphylaxis --
increased rate, amplitude, and histamine release -- obtain in actively

and passively sensitized tissues vhen they are challenged with the




R e i

160
. iractive (oxidized) form of the toxin. On the other hand, when tissues
sensitized in this way are challenged with the active (reduced) fors
of streptolysin C there is evidence that the response is viphasic: f.e.
there appears first a reduction in force and rate of costraction,
characterfstic of the effect of acetylcholine seen on "normal” atria,
which is then followed by the typical nistausine-like response observed
with the inactive toxin and other non-toxic prctein antigens. By
appropriate use of atropine and pyribenzamine it i{s shown that efther,

or both, of the responses can be selectively abolished.

MATERIALS AND METHODS

Ismunological Reagents

Antigen:Oxidized Streptolysin 0. A stock, 1.0 =g/cl selution

of oxidized (inactive) streptolysin O was prepared by dissolving the
lyophilized group C material in the standard phosphate buffer. This
solutfon was used as the sensitizing antigen in i==unizing rabbits for
the producticn of specific antisera, and in actively sensitizing
guinea pigs as a source of sensitized tissues. This same sciution

was used as the specific challenging antigen in those expericents
invelving the anaphylactic response of sensitized tissues to oxidized

streptolysin O.

Antigen:Reduced Streptolvsin 0. Solutions of 1.0 =mg/=i of

reduced (active) streptolysin O were prepared daily dy dissolving the

lyophilized group C material in phosphate buffer and activating with
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cysteine &n the usual zanner. This solution was used as the specific
challenging sntigen in studies invoiving the amaphylactic response of

sensitized tissues to reduced streptolysin O.

Antibody. Each of two rabbits was imrunized by the subcut. ~eous
injection of 5 =g of oxidized streptolysin 0. The toxin, dissclved in
equal 2= unts of buffer and coxplete Freund's Adjuvant {CFA, Bifco
Laboratories, Detroit, Michigan), was injected as single subcutaneous
depots on either side of the neck. Fourteen days, and tventy-eight days
following this imitial injection, the two rabbits were given "booster”

injections of 5 =g of the oxidized mater’al in CFA, adzinistered

intradernally.

At regular intervals, the rabbits vere bled by cardiac puncture;
the serun was prepared, the y-globulin fraction obtained, and the
autibedy titer of these preparations determined, by the techniques
presented in the “Materials and Methods™ section of Part iI. The senu=
vas dialyzed for 3 days with 3 changes of 1I XaCl. 7The y-globulin
fractiom was d:alyzed 3 days with 3 changes of borate-buffered saline,

pH 8.35. 0.1 ..

Preliminary characterization of tt~ anti-streptolysin O sera was
made by {mmmmnoelectrophoresis, and ultraceantrifepal analyses. Imiuno-
elecsrophoresis was perforoeé in 1Z barbiial agar, pH 8.2, 0.0% i
25 volts was applied across each 10 c= sifde for Z.5 heurs. The sedf-

zentation coefficient at 20°C, the S;; (216,217), was deternfued
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by centrifugation at 52,640 rpz= (201,366 x g} fur 2 hours {n the Beckzan

Model E ultracentrifuge (Beckz=sn Instrweents, Inc., Sginco Divisiosn,

Paio Alto, California).

Results are presented for the antibody from only ome of the twe

rabbits {mmunized (rabbiz no. 10): antibody from the second rabbit had

a lower titer, but was otherwise identical to that of rabbit no. 10.

Experizental Ani=sls

¥ormal, male, variecolored guinea pigs, ranging in weight from
250 to 450 gra=s. vere usxd in these studies. Two, male, New Zealand
Albino rabbits, injftfally weighing about 1.8 kg each, were used as the

source of anti-strep’rolysin ¢ antibody.

Preparation of Tissue

lsolated whole hearts, atriz, and {leal strips, eobtained froc
nor=al and sensitized guinea pigs, were prepared, equilibrated, and
zaintained as describad in the "Materials ard Yetheds” section of

Parts 1 and i1.

Sensitization of Tissues

Active Sensitization. Each of 12 guinea pigs was immunized by

the subcutaneous injectiiorn of 1.0 g of oxidized streptolysin 0. The
toxin, dissolved in egual amounts of buffer and CFA, was injected as
single subcutaneous depots on elther side of the neck. Tnese animals,

vhich were used 30 dayvs following fz=unization, were the socurce of
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: . actively sensitized whole hearts, atrfa, and ileal strips, subsequently

tested In vitro for their anaphylactic responsiverness.

Passive In 7itro Sensitization. Whole hearts, obtained fros=

normal guinea pigs, were sensitized In ritro by the passage of 1.0 =i of
the dialyzed serum or vy-globulin through the coronary circulaticn at

37°C (70). The perfusate vas collected and recycled four times,

followed by perfusion with antibody~free Chenoweth's sclution for 10
afnures. After this procedure, such hearts were either left in place

for those experiments dealing with the anaphylactic response of the whole

organ, or rezocved and appropriately dissected for the anaphylactic studies

of the isolated atria.

- Ghallenge
Whole Hearts. Sensitized whole hearts were challenged by the

- adninistration of 0.1 =g of oxidized or reduced streptolysin C into the

L
R

§- z2in standpipe.

G v

vty i ¥
A

Atria and Ileal Strips. Sensitized atria and ileal strips, sounted

ia 3.5 n] =uscle baths as described earlier, weve challenged by adminis-

s

£330y

tration of 0.1 =g of oxidized or reduced toxin intc the muscle bath

(final conceatration, 28.6 ug/el).

(rmen ihmiitnie, ypave S

All work was performed at 37°C.
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Estisation of Histanine

Chemical analyses of challenge soiutions were _adz according to

the techniques described in the “Materials and Methods” of Part II.

Soze challenge solutions were bicassayed on the guinea pig fleu=m
standardized with histanine (see ™Materials and Methods, Part I).
Histanine specificity was deconstrated by blocking the ileal strips
with pyribenzaznine (PBZ, Ciba, Basle, Switzerland).

RESULTS

Characterization of Rabbit Anti-Streptolysin O Antibody.

Antibodv Titer. Fourteen days following the inftial iz=unization,

serux obtained from rabbit nc. i0 was found to bave a very low specific
antibody content. The bottom curve of Figure 27 shows the amount of
total precipitable nitroren obtained when a constant azount of serux was

-

reasted with varying amounts of antigen. The peak of this gurantitative
precipitin curve represents the reaction zixture ccptaianing the optimal
propertion (OF) of antigen to antibedy. 7To the left of this point
(antibody excess), and to the right of this point {actigen excess), the
proportions are not optimal and there is less precipitation. 3v
subtracting the antigen-nitrogen frox= the total precipitate nitrogen

at the OP peint, the azount of precipitated antibody cam be calculated.

3y this technique, it was found that the rabbit seruz contained onily

14 _g/=l specific antidbody nitrogen.




Figure 27.

Quantitative precipitin curves for 3
collections of rabbit anti-streptolysin O

sera: 14 days after initial imsunization

(@—@); 14 davs (fh—of) and 21
days (H). after the second

"boosting” injection.
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In order to increase the antibody titer of the serum, the rabbit
was given twe intradermal booster injections separated by two weeks.
Fourteen days, and twenty-one days, following the second booster
injection, the rabbit vas bled, and the antibody content of the serum
determined. The two upper curves of Figure 27 show that the antibody
titer of the serun vas indeed improved by this technigue. Fourteen
days after boosting the serum had a specific antibody content of 92.8 ug
antibody nitrogen/ml; after 21 days it had risen to 128 ug antibody

nitrogen/mi.

The y-globulin fraction was precipitated from the latter serm.
Although the serun exhibited a relatively high antfibody content, the
Y-globulin had a specific antibody titer of only 37.5 ug antibody
nitrogen/=l (Figure 28). & check of the supernatent of the serum
fractionatiocn procedure showed that there was considerable antibody

that had not precipitated under the coaditions used.

Izzunocelectzcphoretic Studies. Electrophoresis was performed on

the sera obtained at each bleeding. The results of these preliminary
tests closely paralleled the titration studies. The early serz showed
only very weak, single lines of precipitation with the antigen. After
boosting, however, these primary cozpornernt lices became prominent, and
several other components became evident. At the last bleeding, one major,

and four =zinor antigenic components vere present.
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Figurs 28. Quantitative precipitin curve for rabbit

anti-streptolysin O vy-globulin.
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Analytical Ultracentrifugation. The analytical ultrcentrifuge

wss used to determine the sedimentation coefficient (S;9) of the sera

and y-globulin fraction. These preliminary studies showed that the

rabbit seruz contained twn maiuv sedimentation peaks, one with a value

of 13.75, cne with a value of 5.65. Centrifugation of the y-globulin
fraction showed cnly one peak, a 6.85 component. In conformance with

the observation that there was antibody activity present in the
sypernatant of the serum fractionation, it was found that this supermatant

contained a 195 macroglobulin.

Anaphviaxis: Actively Sensitized Tissues

Schultz-Dale on the Guinea Pip Ileun. The ileux was recoved from

a guinea pig actively sensitized to oxidized streptelysin &, and an
ileal strip prepared and mounted in a 3.5 =1 nuscle bath as described
earlier. The ileal st:ip was first standardized with several
concentrations of histamine, and then challenged with 0.1 =g of the
oxidized toxin. Figure 29A shows that, whereas this first challenge
with antigen produced a rapid, maximal contraction, a second challenge
with the same dose of antigen resulted in a wvery sligh:t comtraction.
Apparently the first challenge had desensitized the tissue, since the

strip was still responsive to histamine.

Figure 298 dezonstrates that the response of the sensitized iflewm
to the first challenge with antigen was indeed a greci o reactiom.
Yhen an ileal strip from a normal guinea pig wvas challenged with the

same dose of antigen, it responded with a minimal contraction.
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Pigure 29.

A

B.

Schultz~Dale on the guines pig ileun actively
sensitized to oxidized streptolysin O.
Standardization of the ileum with 4 concentrations
of histauine was followed by two challenges with
antigen (0.1 =g oxidized toxin). The ileum was

checked for its responsiveuess to histamine.

Control. <Challenging a strip of normal guinea
pig fleu= with the antigen (0.1 mg oxidized toxin)
resulted in only a siight contraction. Bath

volume 3.5 =l, tespa2rature, 37°C.
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Perfused ¥holie Heart. The heart from the same actively

sensitized guinea pig used above vas removed and zounted on the
Anderson apparatus in the usual way. After thorough equilibratiosn,
the heart was challenged by the adzinistraticn of 0.1 g of
oxidized streptoiysin O to the standpipe above the heart. The first
trace of Figure 30 shows a mild, but typical anaphylactic response.
The inirial depression, a dire_t effect of the oxidized texin, was
follwwed by an increase in raze and amplitude, with the rate
veaching 2z value of 330 beats/minute corpared with the control rate
of 230 bears/minute. The perfusate collected during the height of
this anaphylactic reaction, wmnen chemically analyzed for histazine,
was shown 20 con?uin more than 100 tizes the control levels of

nistazine (2.0 x i0 ’ ooles/minute/gras dry heart, coapared to

0.72 x 18 ° nmoles/minute/grax dry heart in the coucrel perfusate).
The gecond trace of Figure 30 shows that the heart was

3 clmoet compltely desensitized by the first challenge. The direct

N . effect of the ipastive toxic was fuilowed by a gradual recovery tco

- 3 crmtyel levels, and the perfusate contained coutrol levels of histamine.

L A noye severe anaphylactic response was elicited from a second
actively sensitized heart challenged with the standarZ dnse of antigen
(Figure 30, third trace}. The initial depression was {nterrupted by an
increase in rate and zumplitude, followed by partial atrio-ventricular

T Z block. Such a dlock is zypical of strong amaphylactic respomses in the

e e




[
-
¥ &3

Figure 34 The response of two whole hearis from guinea pigs
actively sensitized with oxidized sztreptolysin 0,
to challenge with the specific antigen. Cozparison
between the first and second challenges on the
gsane heart (traces 1 arnd 2), and detweeén the

anaphviactic response, aad the response to

authentic histax=ine (traces 3 and 4). 37°C.
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whole hcart, and of the response of the whole heart to histamine. The

bottom trace in Fig re 30 shows that this eatire anaphylactic respense

can be reprcduced completely by a suitable dose o: L.istamine (70).

Isolated Atria. Atria, obtained from whole hearts of guinea pigs

actively seasitized to the oxidized toxin, were prepared and =ounted in
2 3.5 =1 zuscie bath in the usual way. When challenged with either the
oxidized or reduced toxin, these seansitized atria exhibi<ted stroag
anzphylactic reactions {Figure 31). Trace % of this figure shows the
reaction of 2 pormal, unsensitized arrial preparation to challenge with
the antigen {oxidis»d streptolysin O, 0.1 =g}. When the same dose of
thz sane antigen was added to the bath surrounding a sensitized atrial
pair, the tissue responded with an extrene increase in the rate and
azplitude of contraction (Trace B). & second challenge with antigen
{(Trace C) produced none of these effects. Chemical anaiyses of the
baths collecred at 3 micutes post-challenge showed that the firss

.43 z 10 ' zoles of histaxmine/gra= dry atria,

)

challenge released
conpared to 0.26 x 10 zoles released by the second challenge; both
the pre-cliallenge bath scluticn and the challenge solution from the

norzal tissue (Trace A) were negative for histamine.

Si=milar resulits were obtained when sensitized atria were challenged
with reduced streptolysin O {(Traces D 2nd £). Except for a such zore
proncunced inirtal dopression due to the direct effect of the active

toxin, the anapbvlaciiz response to this antigen was idemziczl ro that
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Figure 31. The anasphylactic response of isolated atria
fro= guines pigs actively sensitized with
. oxidized streptoiysin Q, to challenge wizh

the oxidized toxfin (Traces B and C} and the

3 reduced Zoxin (Traces D and E£). Standard

X

§ challenge dose of 0.1 =g of antiges added te

3.4 nt of Chenowerh's solution. 37°C.
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cbtained with the oxidired materizl. The second challenge again
desonstvated degensitization of the tissuve. Chemical analyses of

the bath soluticne collected at 3 =minutes showed a release of

4.34 « 10 ° =moles of histamine/gram dry atria by the first challenge,
cozpared to 0.43 x 10677 ooles by the second challenge; pre-challenge
sazples as w2Xl as the challenge solutioo from a normal heart challenged

with active toxan, were negative for histamine.

Ansphylaxis: Passively Sensitized Tissuves.

Experizents were performed to determined if the radbit anti-
stTeproliysin O antibody was of the type which wounld semsizize guinea
pig tissuves. ¥hole hearts, cbtained from normal guines pigs and
prepared and mcunted on the Andersco apparatus in the usual manner, were
perfused with either 1.0 nl of antiserun (128 ug antibody nitrogen/al}
er 1.0 =l of y-glodbulin (37.6 ug antibody nitrogen/=l}. 1In order
to avoid the complication of the direct toxic effect of streptolysin O
on the whole heart, the tests for anaphylactic sensitirazction of these
hearts were perforzed on the isclated atria. The atria, dissected
froz hearts seansitized zs described, were zmounted in the 3.5 =l zuscle

bachs and challenged wicth oxidized or reduced toxin.

Figozre 32 shows that both the dizlyzed sernm= acd the v—globuiin
fraccion of the serys are capable of sensitizing guiney pig cardiac

tisaues so that subseguent challenge with the specific satigen results

= it s R mn g it S RNOTRA AR
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The asmaphylactic response of isclated atrria,
passively sengitized i e ore with either
rabbit anti-streptolysin ¢ serux (Traces B

ané C), vr wirth the .-globulin fraction
‘Traces 0 and £}, and challenged with . =g of
oxidized streprolysics 8. Bath wolume 3.5 =i

37°c.
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in an anaphylactic reaction. The data i1 ble VIII demonstrate that
the responses shown in Figure 32 were accoapanied by copious histamine
release. 3Both in the atria sensitized with seruxz, and the atria
sensitized with y~globulin, the first challenge released significant
axounts of histamine. No detectable histamine was present in the
reaction zmixtures from the second challenge, the pre-challenge controis,
or the control or challenge solutions frozm 2z normzl heart exposed o

oxidized toxin.

Essentially the sace results were cbtained when passively
scnsitized tissues were challenged with reduced streptolysin O.
Traces A znd B of Figure 33 permit coxzparison between the response of
a normal atrial pair to reduced streptolysin ¢, and the response of a
passively sensitized atrial Lair to the reduced toxin. The
anaphylactic response is not so severe as expected because of the
direct depressant effect of the toxin on the atria. However, the firet
challepge of th: sensitized atria {Trace B) did release histaxnine,
while the normal atria released no detectzble nistanine (Table IX).
The second challenge of the sensitized atria (Trace () showed nc
signs of an anaphyvlactic reacticn. and no histamine release was

derected by the bioassay.

Because of the unique situation of naving two such diverse
reactions caking place sizmultaneously -- the direct actficnm of the

reduced toxin ~n the atria, and the xnaphy :cfic response bertween the
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The effect of reduced streptolysin & on normal
{Trace &) and passively sensitized (Traces B and
C) atria. The effect of 10 ag/=l cysteine on a

sensitized atrial preparation (Trace D). 37°C.
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reduced toxin (the antigen) and tissue-bound anti-streptolysin 9
antibody -- it was necessary to distinguish between the contributions
of histamine and those of acetylcholine to the total response, by
challenging the atria with reduced toxin in the presence of

atropire, pyribenzamine, or both.

The top trace in Figure 34, Trace A, again shows the direct
action of the reduced toxin on = normal atrial pair. By blocking
the direct depressant effect of the toxin with atropine (see Part I),
the anaphvlactic response is ccnsiderably morc srcnounced (1v=:2 B).
When pyribenzamine is preseng-to-block the effect of anaphylactically
released histamine on the atria, thé anaphylactic response is
eliminated, leaving the direct action of the toxin by itself
(Trace C). When atropine and pyribenzamine are present together
(Trace D), the only effect observed is the slight depressant effect

of the cysteine present in the reduced toxin {see cysteine

control, Figure 33, Trace D).

The data in Table IX illustrate: that, no matter what
blocking agents were present to modify the observed mechanical
changes, histamine was released by the first challenge with the

reduced toxin; the pre-challenge and second challenge samples

released no detectable nistamine.
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Figure 34. The effects of pyribenzamine (0.2 ug/ml)
and atropine (8.22 x 10 7 M) on the
response of passively sensitized atria

to reduced streptolysin 0. 37°C.
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DISCUSSION
The experiments compr;sing Part III confirm the fact that
streptolysin O is antigenic and demonstrate conclusively that the
oxidized form of the toxin is capable of eliciting the production
of homocytotropic anaphylactic antibodies in the guinea pig, as
well as heterocytotropic antibodies in the rabbit which can

passively sensitize guinea pig tissues.

The classical Schultz-Dale reaction was used to show that
ileal tissue from a guinea pig immunized with oxidized streptolysin O
was indeed sensitized and would contract when challenged with the
sensitizing antigen (Figure 29A). That this response was due to
a specific anaphylactic reaction was confirmed by the failure of
the desensitized ileum to respond to a second challenge and by
the lack of a response when the oxidized toxin was tested on a

control, unsensitized, ileum (Figure 29B).

Whole hearts and isolated atrial pairs from actively
sensitized guinea pigs were testzd for their response to both
the oxidized and reduced toxins. The whole heart reacted charact-
erisgically when challenged with the oxidized material, and
histamine was quantitatively recovered from the perfusate, during

the response. The usual manifestations of the anaphylactic
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response in the guinea pig heart -- increased rate and amplitude
of contraction followed by partial atrio-ventricular block ~-
were reproduced by a suitable dose of histamine (Figure 30),
(70). The desensitized heart failed to respond to a second

challenge.

To eliminate the complicated, direct, effects of
streptolysin O on the whole heart, the remaining experiments
were performed on isolated atria obtained from sensitized whole -
hearts. Using this technique, a strong response was seen when
the sensitized atria were challenged with oxidized toxin.
Concomitantly, there appeared large amounts of histamine ir the
reaction fluid. It was shown additionally that the sensitized
tissue also reacted anaphylactically when challenged with the
active (reduced) toxin (Figure 31). This demonstration, then,
confirmed the results of Neill and Mallory (19), who found that the

two forms of the toxin were antigenicaily indistinguishable.

We have demonstrated that rabbits, appropriately injected
with oxidized streptolysin O, produce an anti-streptolysin ©
antibody which is capable of passively sensitizing guinea pig
tigsues, in vitro. The serum obtained from such rabbits, as well
as the y-globulin fraction of this serum, passively sensitized
guinea pig hearts. The atria from these hearts were shown to

react vigorously, and to release histamine when tested with either
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the oxidized or reduced toxin preparations (Figure 32, 33, 34,

Tables VIII, IX).

The reaction between sensitized atria and the active
streptolysin O showed a pronounced bi-phasic response. There was
an initial depression of atrial contraction due to the direct
action of the toxin on the tissue. This depression was followed
by a gradual increase in the rate and amplitude of contraction

which exceeded the usual post-response potentiation.

The components of this biphasic response were resolved by
the use of the specific biocking agents, atropine and pyribenzamine.
When sensitized atria were challenged with reduced toxin in the
presence of atropine, the depressant effects of the active toxin
were blocked, and the potentiating effects of the anaphylactically
released histamine (Table IX) were much more pronounced (Figure 34,
Trace B). Just the opposite occurred when sensitized atria were
challenged in the presence of pyribenzamine. The anaphylactic phase
of o reaction was blocked, so that only the direct, depressant
effect of the active toxin on the rissue was observed {Figure 34C).
When sensitized atria were challenged in the presence of both agents,

botk phases of the reaction were vlocked (Figure 34D).

It can be concluded from these results that a toxic protein,

such as streptolysin O, can exhibit multiple reactions with cardiac

. v . R A aiasbatdiind - - R 0y
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tissues., The dirsct action of the toxin is, iu itself, a duval one:
it Zs made up of a revarsible depressant effect on atrial contraction
due to the release of acetylcholine, and of an irreversible sffect
owing to an unspecified conduction defect resulting in ventricular
standstill. The "'passive' action of the toxin results from its
immunogenic properties as a protein. The reaction between the
toxin (in either the active or inactive form) and the tissue-fixed,
anti~-streptolysin 0 antibodies may lead to focal lesions, due to
the presence of the antigen-antibody complex; or to tissue
damage resulting from the direct action of vasoactive materials,
such as histamine, released as a consequence of the antigen~antibody

reaction.
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jhypersensitivity reaction between SLO and specific, tissue-bound antibody.
The isolated guinea pig heart responds co purified SLO with a rapid, transient
Jdecrease in rate and amplitude of contraction, superimposed on a gradual, irreversible

loss of ventricular contractility. At ventricular standstill, the atria beat normally,
Ventricle strips from

as do electrically driven strips of the arrested ventricles.
However, isolated atria respond

jnormal hearts are completely insensitive to the toxin.
to SLO with a reversible decrease in rate and amplitude of contraction accompanied by a

All of the transient changes are shown to be due to acetylcholine release by the atria;
the permanent ventricular decline results from a toxin-induced defect in atrio-

ventricular conduction.
Oxidized (inactive) SLO elicits the production of anaphylactic antibodies in the

guinea pig, and when challenged with the oxidized or reduced (active) toxin, whele
earts and isolated atria from these animals respond anaphylactically and reiease
istamine. Serum from rabbits immunized with the oxidized toxin passively sensitizes
guinea pig cardiac tissues in vitro.
SLO, react anaphylactically and release histamine.
reduced toxin consists of the depression of the direct toxic effect (acetylcholine),
followed by the potentiation of the anaphylactic reaction (histamine).

Thus, SLO can participate in multiple reactions with cardiac tissues. The

13. ABSTRACT
‘The direct cardiotoxicity of streptolysin O (SLO) may be aggravated by an additiongl

Jmarked, transient increase in the rate of repolarization of the intracellular potential.

These tissues, when challenged with either form of
The response of sensitized atria to

Ipathalogic significance of these findings with respect to human disease is discussed.
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